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ABSTRACT: Electrogenic microbial rhodopsins (ion pumps and channelrhodop-
sins) are widely used to control the activity of neurons and other cells by light
(optogenetics). Long-wavelength absorption by optogenetic tools is desirable for
increasing the penetration depth of the stimulus light by minimizing tissue
scattering and absorption by hemoglobin. A2 retinal (3,4-dehydroretinal) is a
natural retinoid that serves as the chromophore in red-shifted visual pigments of
several lower aquatic animals. Here we show that A2 retinal reconstitutes a fully
functional archaerhodopsin-3 (AR-3) proton pump and four channelrhodopsin
variants (CrChR1, CrChR2, CaChR1, and MyChR1). Substitution of Al with A2
retinal significantly shifted the spectral sensitivity of all tested rhodopsins to longer
wavelengths without altering other aspects of their function. The spectral shift upon
substitution of Al with A2 in AR-3 was close to that measured in other archaeal
rhodopsins. Notably, the shifts in channelrhodopsins were larger than those
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measured in archaeal rhodopsins and close to those in animal visual pigments with similar absorption maxima of their Al-bound
forms. Our results show that chromophore substitution provides a complementary strategy for improving the efficiency of

optogenetic tools.

he need for precise targeted control of cell membrane
potential can be addressed by using optogenetic tools,
genetically encoded molecules activated by light. Microbial
rhodopsins, seven-transmembrane proteins from prokaryotes
and lower eukaryotes,' have formed the basis of optogenetic
technology. The only additional chemical supplementation that
microbial rhodopsins require is all-trans-retinal, which naturally
occurs in many mammalian tissues. Therefore, microbial
rhodopsins, in a fundamental shift from earlier optogenetic
approaches, provide a single-component strategy.”> Today,
microbial rhodopsins have become widely used in neuro-
science*™® and cardiology research,” and this technology is
expanding to nonexcitable cells, such as astrocytes.®
Rhodopsin ion pumps and channelrhodopsins are two major
groups of microbial rhodopsins’ used in optogenetics to
hyperpolarize and depolarize the cell membrane, respectively.
Rhodopsin pumps conduct membrane transport of protons or
chloride ions coupled to the photocycle, providing a
mechanism for utilization of solar energy in prokaryotes. The
first such pump, bacteriorhodopsin from Halobacterium
salinarum, was identified more than 40 years ago,'® and since
then, rhodopsin ion pumps have been discovered in a large
range of microorganisms, both prokaryotic and eukaryotic."'
Expression of ion pumps in neurons allows fast silencing of
their electrical activity by light-induced membrane hyper-
polarization.'> Archaerhodopsin-3 (AR-3, also known as Arch)
from Halorubrum sodomense' is one of the most efficient
optogenetic silencing tools.">"*
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The first channelrhodopsins, ChR1 and ChR2, were found in
the green flagellate alga Chlamydomonas reinhardtii and shown
to serve as receptors for photomotility behavior in this
organism.15
been identified in related rnicroorgamisms.ls_20 When ex-
pressed in heterologous systems, channelrhodopsins act as
light-gated cation channels (hence their common name).*"*?

Major challenges for optogenetic applications, especially in

~'7 Several other channelrhodopsin variants have

living animals, are scattering of the stimulating light by
biological tissues and its absorption by hemoglobin. Opto-
genetic tools with long-wavelength absorption would exhibit
minimal light attenuation from these effects, but most microbial
rhodopsins do not fall into this category. Several attempts to
acquire red-shifted probes to reduce the light attenuation by
scattering and absorption in tissue have been made: (i)
searching for natural red-shifted channelrhodopsin variants in
different algae,"®™?° (ii) construction of chimeras,>** and (iii)
site-directed mutagenesis.”*® All of these approaches have in
common modification of the apoprotein, and all have proven to
be somewhat successful, although in some cases a desired
spectral shift was accompanied by negative effects such as
deceleration of the current kinetics'®
current amplitude.*®

or a decrease in the
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A2 retinal (3,4-dehydroretinal) is a natural retinoid, its 11-cis
form being found in photoreceptor cells of certain inverte-
brates, fish, and amphibians, where it either constitutes the only
retinal or is an additional chromophore to Al retinal.>’~>° The
presence of an additional double bond in the S-ionone ring of
the chromophore results in visual pigments that absorb light at
longer wavelengths than those formed with Al (regular)
retinal. > Variations in the A1/A2 ratio cause natural adaptive
tuning of the spectral sensitivity of vision in the organisms
during adaptation to external conditions (for a review, see ref
31). Reconstitution of bleached microbial rhodopsins (bacter-
iorhodopsin, halorhodopsin, and sensory rhodopsins I and II)
in vitro with all-trans-A2 retinal also shifts their absorption
spectra to longer wavelengths.*>~>°

It could therefore be expected that substitution of A2 for Al
retinal would also shift the spectra of rhodopsin optogenetic
probes to the red, but this expectation required direct
experimental verification. Moreover, the extent to which A2
retinal-bound probes would be functional was not clear. Finally,
the magnitude of the expected spectral shift had to be
determined and its advantage for optogenetic applications
estimated. In this study, we show that upon addition of A2
retinal, both ion pumps and channelrhodopsins form fully
functional pigments with significantly red-shifted absorption.
Most importantly, we observed large extensions of spectral
sensitivity to longer wavelengths even in the presence of
endogenous Al retinal that naturally occurs in mammalian cells.
Our calculations show that of all tested optogenetic probes the
benefits of substitution of Al with A2 are maximal for AR-3 and
two long-wavelength-absorbing channelrhodopsin variants, so
that the expected tissue penetration depth becomes many-fold
higher after such substitution. Retinoids easily partition into
lipid bilayers and thus do not require the presence of any
specific carriers in the cells. Quantitative experiments with
mammalian tissue demonstrated that 50% of retinal is absorbed
after perfusion for ~7 min.*® Therefore, chromophore
substitution can be considered as a complementary strategy
for improving the efficiency of optogenetic tools.

B MATERIALS AND METHODS

Recording of Charge Movements in Rhodopsin
Molecules. The AR-3 coding sequence was received from E.
S. Boyden (Massachusetts Institute of Technology, Cambridge,
MA) and cloned into Escherichia coli expression vector
pET28b(+) under control of an IPTG-inducible promoter. E.
coli strain BL21(DE3) was used for protein expression. Cells
were grown to an ODg, of 0.4 and induced in the presence of 5
UM Al or A2 all-trans-retinal, as described previously for other
microbial rhodopsins.*”*® Cells were harvested after 4 h,
washed in distilled water, and transferred to low-ionic strength
medium [1.5 mM NaCl, 0.15 mM CaCl,, 0.15 mM MgCl,, and
S mM Tris (pH 7.2)]. Photocurrents in the suspension of cells
were generated by 8 ns laser flashes applied along the direction
between two platinum electrodes, as described previously.>

Expression and Purification of CaChR1. A Pichia pastoris
clone that expresses the 7TM domain of CaChR1 was obtained
as described previously.”® Cells were grown in BMMY
(buffered minimal methanol yeast) medium, and expression
was induced by the addition of 0.5% methanol every 24 h in the
presence of 5 uM Al or A2 all-trans-retinal. Cells were grown
for 2 days, harvested by low-speed centrifugation, and disrupted
by a bead beater. Membrane fragments were collected by
centrifugation for 1 h at 48000 rpm and used in hydroxylamine
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bleaching and retinal reconstitution experiments or solubilized
by incubation with 2% dodecyl maltoside for 1 h. The protein
was partially purified on a Ni-NTA agarose column (Qiagen,
Hilden, Germany).

Absorption Spectroscopy. Absorption spectra were
recorded on a Cary 4000 spectrophotometer with an
integrating sphere (Varian, Palo Alto, CA). The absorption
spectrum of E. coli cells without induction of expression was
subtracted from those expressing Al- or A2-bound AR-3 to
correct for scattering and intrinsic protein absorption.

Whole-Cell Patch Clamp Recording in HEK293 Cells.
HEK293 (human embryonic kidney) cells were transfected
using the TransPass COS/293 transfection reagent (New
England Biolabs, Ipswich, MA). Al all-trans-retinal was added
as a stock solution in ethanol to a final concentration of 2.5 uM.
A2 all-trans-3,4-dehydroretinal was used at final concentrations
of 5-25 uM. Measurements were performed 48—72 h after
transfection with an Axopatch 200B amplifier (Molecular
Devices, Union City, CA). The signals were digitized with a
Digidata 1440A using pClamp 10 software (both from
Molecular Devices). Patch pipettes with resistances of 2—S$
MQ were fabricated from borosilicate glass and filled with the
following solution: 126 mM KCl, 2 mM MgCl,, 0.5 mM CaCl,,
S mM EGTA, and 25 mM HEPES (pH 7.4). The bath solution
contained 150 mM NaCl, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM
glucose, and 10 mM HEPES (pH 7.4). The holding potential
was —60 mV. Light excitation was provided by a Polychrome
IV light source (TILL Photonics GMBH, Grafelfing, Germany)
pulsed with a mechanical shutter (Uniblitz model LS6, Vincent
Associates, Rochester, NY; half-opening time of 0.5 ms). The
light intensity was attenuated with the built-in Polychrome
system or with neutral density filters. The maximal quantum
density at the focal plane of the 40X objective lens was ~2 X
10*? photons/m?.

Al all-trans-retinal was from Sigma, and A2 all-trans-retinal
(at least 99% pure as tested by high-performance liquid
chromatography) was a gift from R K. Crouch (Medical
University of South Carolina, Charleston, SC).

B RESULTS

Archaerhodopsin Proton Pump from H. sodomense
(AR-3). AR-3 has been recently shown to be the most effective
among available ion pumps for silencing neurons.'” First, we
analyzed the effect of A2 retinal on the proton pump AR-3
expressed in E. coli cells, because this expression system allows
quantitative measurements of absorption and fast charge
movements within rhodopsin molecules.

We expressed AR-3 in the presence of Al or A2 retinal. The
absorption spectra, corrected for light scattering and minor
differences in the amounts of cytochromes caused by
expression of a foreign protein, are presented in Figure 1.
The absorption maximum of A2-bound AR-3 in E. coli cells
shifted to 592 nm from 561 nm measured in the Al-bound
pigment (shift of 31 nm, or 933 cm™). The shift of the
wavelength of half-maximal absorption on the red slope of the
spectrum was even greater, from 599 to 639 nm (40 nm, 1045
cm™"). Such widening of the bandwidth along with the shift of
the maximum to longer wavelengths has been previously noted
in the spectra of animal visual pigments formed with A2
retinal.** When compared with Al-bound AR-3, the pigment
formed with A2 retinal exhibited very similar kinetics of
intramolecular charge movements with a slightly faster decay of
the fast current associated with the transfer of a proton from
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Figure 1. Absorption spectra of E. coli cells expressing proton pump
AR-3 upon reconstitution with Al or A2 retinal.

the retinylidene Schiff base to the proton acceptor, which
corresponds to formation of the M intermediate (the current
traces in Figure 2), and slightly slower reprotonation of the
Schiff base (better resolved in the charge traces in Figure 2).
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Figure 2. Photoinduced electrical signals of AR-3 expressed in E. coli
in the presence of Al (black traces) or A2 (red traces) retinal. Solid
lines show current traces; dashed lines show transmembrane charge
transfer (calculated as the area under the current traces). Both sets of
curves were normalized for easier comparison of kinetics.

The spectral sensitivity of photoelectric responses in E. coli
cells as well as in HEK293 cells was measured at very low light
intensities (in the range where the dependence was close to
linear) to avoid distortion and facilitate correction for the
number of photons. In the case of continuous light excitation of
HEK293 cells, only the initial part of the current signals up to
20 ms was measured to minimize the involvement of possible
photoreactions of photocycle intermediates. Photocurrents
were normalized according to the number of photons in each
laser flash or light pulse.

In full agreement with the results of absorption measure-
ments, the action spectrum of the charge movement in A2-
bound AR-3 was red-shifted by ~35 nm with a half-maximal
efficiency at >640 nm (Figure 3, filled symbols and solid lines).
This confirms that the charge movement registered in a
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Figure 3. Action spectra of charge movement by AR-3 expressed in E.
coli cells (filled symbols and solid lines) or HEK293 cells (empty
symbols and dashed lines) in the presence of Al retinal (black symbols
and lines) or A2 retinal (red symbols and lines). Errors bars were of
the same magnitude for all spectra but are shown for only one of them
for the sake of clarity.

suspension of E. coli cells is generated by A2-bound AR-3, and
not by a pigment fraction formed with trace Al retinal in our
A2 retinal preparation.

Next we compared Al- and A2-bound AR-3 expressed in
HEK293 cells. Light-induced hyperpolarizing currents of A2-
bound AR-3 did not significantly differ in amplitude or kinetics
compared to the corresponding currents generated by AR-3
formed with Al retinal (data not shown). The action spectra of
the photocurrents in HEK cells (Figure 3, empty symbols and
dashed lines) were essentially similar to those of charge
movement in E. coli cells (Figure 3, filled symbols and solid
lines), but the relative contribution of the short-wavelength
shoulder at ~540 nm was stronger. As explained in more detail
below, we attribute this contribution to the pigment formed
with endogenous Al retinal present in HEK cells.”®

Channelrhodopsins from Green Flagellate Algae.
More than 10 native channelopsin sequences have been cloned
from different algae,41 although only a few of them have been
tested in neurons. CaChR1 is a variant recently identified in the
psychrophilic species Chlamydomonas augustae.”® The maximal
sensitivity of Al-bound CaChRl at neutral pH is at 520 nm
[Figure 4A ([1)], a value red-shifted by 35 nm from that of the
previously known CrChR1." The addition of A2 retinal to
HEK cells transfected with CaChR1 led to the appearance of a
strongly red-shifted pigment form obvious from the shape of
the action spectrum (Figure 44, filled symbols). The position
of the main maximum shifted only slightly, but a prominent
long-wavelength shoulder appeared at ~550 nm, leading to a
significant increase in the bandwidth. The long-wavelength
slope of the spectrum was shifted from 557 to 589 nm at the
level of 50% efficiency (32 nm). Similar results were obtained
when absorption spectra of CaChR1 expressed in Pichia in the
presence of Al or A2 retinal were measured directly (Figure
4B). It was, however, unclear whether these spectra also
reflected a contribution of the pigment formed with
endogenous Al retinal.

To answer this question, we conducted hydroxylamine
bleaching and retinal reconstitution experiments with
CaChR1 in Pichia membranes. Hydroxylamine cleaves the
chromophore from opsin and reacts with free aldehydes in
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Figure 4. (A) Action spectra of photocurrents generated by CaChR1
from C. augustae in HEK293 cells incubated with A2 retinal (filled
symbols and solid lines) or Al retinal (empty symbols and dashed line,
adopted from ref 20). The final concentration of A2 retinal was 5 (A)
or 25 uM (M); that of Al retinal was 2.5 M. (B) Absorption spectra
of purified CaChRI1 expressed in Pichia cells in the presence of 5 uM
A2 (—) or Al (---) retinal.

solution to form oximes and thus can be used to remove retinal
from the preparation. Cells were grown in the presence of Al
retinal, and the membrane fraction was isolated and bleached
with 10 mM hydroxylamine. The spectral difference between
the initial and bleached preparations closely corresponded to
the absorption spectrum of purified CaChR1 expressed in
Pichia in the presence of Al, and the bleaching was strongly
accelerated by illumination (Figure 1 of the Supporting
Information). After complete bleaching, hydroxylamine was
extensively diluted by repetitive centrifugation. Al retinal, A2
retinal, or their 1:1 mixture was added to the membranes at
concentrations producing equal absorbance. Reconstitution
spectra obtained by subtraction of the spectrum of the bleached
preparation from those measured after incubation with retinals
are shown in Figure 5. The reconstitution spectrum obtained
with A1 retinal showed a maximum at 520 nm (Figure S, black
line), whereas that produced with A2 retinal was at 551 nm
with a pronounced shoulder at 523 nm (Figure S, red line).
The relative affinities of CaChR1 for Al and A2 retinal could be
estimated from the spectrum of CaChRI1 reconstituted with
their mixture (Figure S, green line). The ratio of the absorbance
at the spectral maxima of A2- and Al-reconstituted pigments,
and hence the fraction of the A2-reconstituted CaChR1, was
proportional to the fraction of the added A2 retinal (Figure 2 of
the Supporting Information), showing that CaChR1 had similar
affinities for Al and A2 retinal. We therefore conclude that the
short-wavelength band in the spectrum of A2-reconstituted
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Figure S. Reconstitution spectra of CaChRI in bleached Pichia
membranes measured after the addition of Al retinal (black symbols
and line), a mixture of Al and A2 retinal (green symbols and line), or
A2 retinal (red symbols and line). Symbols mark the experimental data
points; lines show the 15 nm FFT smoothing of the data. For other
details, see the text.

CaChR1 (Figure S, red line) did not result from incorporation
of trace Al retinal in our A2 sample (<1%) but reflected a
vibrational fine structure of the A2 pigment spectrum.
Comparison of the reconstitution spectra obtained with Al
and A2 retinal showed that chromophore substitution in
CaChR1 resulted in a red shift of the spectral maximum of
~1080 cm ™}, and an increase in the bandwidth from 96 to 125
nm.
The relative amplitude of the short-wavelength band in the
spectrum of CaChR1 reconstituted with A2 retinal in vitro
(Figure S, red line) was significantly smaller than that in the
action spectrum of photocurrents generated by CaChR1 in
HEK cells incubated with A2 (Figure 4A, filled symbols and
solid lines) and in the absorption spectrum of CaChR1 purified
from Pichia grown in the presence of A2 (Figure 4B, solid line).
Our interpretation is that the pigment formed with endogenous
Al retinal in HEK cells and in Pichia contributed to the latter
two spectra. The effect of A2 retinal in HEK cells could be
strengthened by elevation of its concentration (compare solid
triangles and solid squares in Figure 4A). From the calibration
curve (Figure 2 of the Supporting Information) based on the
results of reconstitution experiments with Al retinal, A2 retinal,
and their mixture (Figure 5), the contribution of endogenous
Al retinal to pigment formation in HEK293 cells and Pichia
was <50% when 5 yM A2 retinal was used [Figure 4A (A) and
Figure 4B] and decreased to <20% when the A2 retinal
concentration was increased to 25 uM [Figure 4A (m).

The concentration of CaChR1 in Pichia membranes was
sufficient for bleaching and retinal reconstitution experiments.
We examined the effect of A2 on the spectral properties of
three other channelrhodopsins by measuring action spectra of
photocurrents generated by them in HEK cells.

CrChR2 is the channelrhodopsin variant most widely used to
activate neuron firing. Its advantages, i.e., high ion conductance
and/or expression level in animal cells, are however combined
with short-wavelength absorption (the maximum is at 475
nm™*?). Incubation of CrChR2-transfected HEK cells with A2
retinal caused significant changes in the action spectrum of
light-induced currents (Figure 6). The spectrum measured with
A2 retinal (Figure 6, filled symbols and solid line) showed a
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Figure 6. Action spectra of photoinduced currents generated by
CrChR2 in HEK293 cells after incubation with A2 retinal (filled
symbols and solid line) or A1 retinal (empty symbols and dashed line).

strongly pronounced shoulder above 500 nm, so that the
position of the long-wavelength slope of the spectrum (assessed
by the wavelength of half-maximal response) was red-shifted
from 501 nm measured with Al retinal to 533 nm (shift of 32
nm, 1198 cm™"). The action spectrum measured with Al retinal
exhibited a pronounced fine structure (Figure 6, empty
symbols), also visible in the absorption spectrum of the
purified pigment,” reflecting the presence of vibrational
substates. Vibrational fine structure may also be present in
the spectrum of the A2-bound pigment. In this case, the long-
wavelength shoulder in the action spectrum measured with A2
retinal may signify an enhanced vibrational band, as observed in
the spectrum of A2-reconstituted haloarchaeal sensory
rhodopsin I1.>° Precise determination of the absorption
maximum of A2-bound CrChR2 from the action spectrum of
photocurrents and, hence, calculation of the red shift upon
substitution with A2 retinal are difficult because of the
contribution of endogenous Al retinal to pigment formation.
Nevertheless, a significant red shift in the position of the long-
wavelength slope of the action spectrum in cells incubated with
A2 retinal (Figure 6) is promising for practical optogenetic
applications.

The relative efficiencies of Al- and A2-bound CrChR2
appear to be similar, because photoelectric currents induced by
green light absorbed only by the A2 form reach high values [>1
nA (Figure 7A)] similar to the currents generated by the Al
pigment. Quantitative determination is difficult because the
relative concentrations of the two forms are unknown.
Quantitative comparison of the kinetics of the photocurrents
generated by Al- and A2-bound CrChR2 can be done by using
low light intensities to prevent saturation effects in the system
of two pigments with overlapping absorption. As shown in
Figure 7B, photocurrents generated in response to 440 nm light
(absorbed primarily by the Al form) and to 530 nm light
(absorbed essentially by the A2 form) were almost identical. In
summary, we conclude that substitution of Al retinal with A2
retinal does not significantly affect the channel properties of
CrChR2 but shifts its absorption range. Substitution of A2 for
Al retinal also did not affect the kinetics of the photocurrents
generated by the three other tested channelrhodopsins (data
not shown).

Another Ch. reinhardtii channelrhodopsin, CrChR1, mediates
phototaxis in native algal cells with a spectral maximum of 505
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Figure 7. (A) Photoelectric currents generated by CrChR2 in HEK293
cells incubated with A2 retinal in response to high-intensity stimuli
(~10* photons m* s7*) at 520 nm. (B) Comparison of the current
kinetics at low intensity (<10* photons m? s™") in response to 440 nm
light, mostly absorbed by the Al-bound pigment (black line), and 530
nm light, mostly absorbed by the A2-bound pigment (red line).

nm."> Absorption of this pigment is pH-dependent when it is
heterologously expressed and purified from COS cells with an
acidic 505 nm form and an alkaline ~463 nm form."” The
action spectrum of the CrChR1-mediated photocurrent in HEK
cells incubated with Al retinal at pH 7.4 had its main maximum
at 485 nm with a shoulder at ~510 nm (Figure 8A, empty
symbols and dashed line). Incubation with A2 retinal strongly
shifted the entire spectrum to longer wavelengths, so that the
main peak was at 520 nm and the shoulder was at ~555 nm
(Figure 8A, filled symbols and solid line). We interpret the
main maxima and shoulders of both spectra as contributions of
the alkaline and acidic forms of the Al and A2 pigments,
respectively. In this case, the A2-induced red shift of the
alkaline form would be ~1400 cm™" and that of the acidic form
~1600 cm™". However, these values can be considered only as
rough estimates, because the precise positions of the spectral
maxima of individual overlapping pigment forms are difficult to
determine. Our interpretation that both alkaline and acidic
forms were red-shifted upon substitution of A2 for Al retinal
was confirmed by calculation of the difference action spectra
measured in response to a pH jump (Figure 3 of the
Supporting Information). Both Al and A2 pigments exhibited
the pH-dependent red shift, and the curve for A2-bound
CrChR1 was red-shifted ~35 nm from that for the Al pigment.

MvChR1 from Mesostigma viride is to date the most red-
shifted native channelrhodopsin, with a peak sensitivity at
neutral pH at 528 nm."” The action spectrum of photocurrents
measured after the incubation of MyChR1-transfected cells with
A2 retinal had a main maximum at 570 nm (Figure 8B, filled
symbols and solid line), rather than a long-wavelength shoulder
as was measured in the spectra for other tested channelrhodop-
sins (Figures 4, 6, and 8A). This value can be considered as the
lower limit for the spectral maximum of the A2-bound pigment,
because a contribution of the pigment formed with endogenous
Al retinal is expected to shift it to shorter wavelengths.
Therefore, the magnitude of the A2-induced red shift in
MvChR1 is >1400 cm™'. The long-wavelength slope of the
spectrum obtained with A2 retinal was shifted from 574 to 614
nm (shift of 40 nm, 1135 cm™).
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Biochemistry

1.0 A g2y |
4 Q
’ \
A ,\i
0.8 3 o §
g \d
/ \
0.6 3 o A2 retinal
' A, =569 nm
¢ 2 Atretinal LIS
04 3 & 5 _=s350m s\

— [

E QI/ o ;\

s 024¢% AN

= 5 .

3 ",

g 0.0 1 °’O~g

=] T T T T T T T

o

£ 10{ B

f=4

© .

a A2 retinal
0.8 x1/2=614 nm
0.6 h \

7 A1 retinal |
y A,,=574nm?
044 I/ 112 L_" \
‘ \
0.2 u’-‘ \‘ \
o’ n\\ ]
o
0.0
L L L I A B |
400 450 500 550 600 650

Wavelength (nm)

Figure 8. Action spectra of photocurrents generated by CrChR1 (A)
or MvChR1 (B) in HEK293 cells incubated with A2 retinal (filled
symbols and solid lines) or Al retinal (empty symbols and dashed
lines) (adopted from refs 20 and 19, respectively, with additional data
included).

B DISCUSSION

Our results show that proton pump AR-3 and four tested
channelrhodopsin variants, CrChR1, CrChR2, CaChR1, and
MvChR1, incorporated A2 retinal and produced functional
proteins, the spectra of which were significantly red-shifted
versus those of the corresponding Al retinal pigments. The
magnitude of the A2-induced spectral shift in AR-3 was very
close to the shifts measured previously in other archaeal
rhodopsins (<950 cm™).**7** The magnitude of the A2-
induced shift in animal visual pigments depends on the
absorption maximum of their Al-bound forms, which varies
over a wide spectral r:arxge.30’44’45 The shifts in CaChRl1,
CrChR1, and MvChR1 were significantly larger than those
measured in archaeal rhodopsin pumps and similar to those in
animal visual pigments with corresponding absorption maxima
of their Al-bound forms. One of the factors that contributes to
color tuning in visual rhodopsins is the ring-chain geometry of
the chromophore.46 However, the spectral difference between
Al and A2 channelrhodopsins cannot be explained by specific
selection for 6-s-cis and 6-s-trans conformations, respectively,
because it has been previously shown that Ch. reinhardtii
channelrhodopsins use the 6-s-trans conformation and the 6-s-
cis conformation of retinal does not form a functional
pigment.47_49

The spectral shifts to longer wavelengths observed in all
tested rhodopsins upon addition of A2 retinal are expected to
be beneficial for optogenetic applications, especially in live
animals, because light scattering decreases with an increase in
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wavelength. However, light scattering is not the only factor to
consider; another, especially significant in brain tissue studies, is
absorption by hemoglobin. Of all tested channelrhodopsins,
only CaChR1 and MvChR1 formed with A2 retinal showed
significant sensitivity to wavelengths above the long-wavelength
boundary of hemoglobin absorption (Figure 9A).
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Figure 9. (A) Extension of the long-wavelength spectral boundary of
proton pump AR-3 and various channelrhodopsins by incubation with
A2 retinal. Bars show the spectral bands with more than 1 e of
maximal efficiency for the pigments formed with Al (blue) or A2
(red) retinal. The absorption spectrum of hemoglobin (oxidized +
reduced) is shown for comparison. (B) Theoretical estimation of the
total number of actinic photons absorbed over the visible range by the
tested rhodopsins at different depths of brain tissue (for more details,
see the text). Filled symbols and solid lines depict data for pigments
formed with A2 retinal; empty symbols and dashed lines depict data
for pigments with Al retinal: black, AR-3; red, CrChRl; green,
CrChR2; blue, CaChR1; cyan, MyChRI.

To estimate the potential benefits of the use of A2 retinal in
neuroscience optogenetic applications, we calculated the total
number of actinic photons absorbed by the corresponding A2
and Al pigments over the visible spectral range at different
depths of brain tissue. To this end, we multiplied the action
spectra of photocurrents recorded in HEK293 cells that express
the corresponding opsins incubated with Al or A2 retinal by
the spectral distribution of light intensities derived from
absolute values of light attenuation by brain tissue (personal
communication with Z. Xu from L. Wang’s laboratory,
Washington University at St. Louis, St. Louis, MO). The area
under resultant curves proportional to the number of photons
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absorbed by each pigment was plotted in Figure 9B as a
function of the distance from the brain surface. The curves were
normalized to the values at the surface to compare attenuation
of actinic light for different pigments.

It follows from this calculation that the total absorption of
short-wavelength channelrhodopsins (such as CrChR2) will
sharply decrease within the tissue. Substitution of A2 for A1 will
not significantly improve the situation, because a decrease in
light scattering will be compromised by an increase in
hemoglobin absorption. Nevertheless, control of the spectral
properties of CrChR2 by chromophore substitution can be
useful in such experiments when the absorption range of
CrChR2 overlaps with excitation or emission wavelengths of
fluorescent dyes or FRET measurements (personal communi-
cation with E. Jorgensen, University of Utah, Salt Lake City,
UT).

According to our calculations, all tested rhodopsins with red-
shifted absorption (CaChR1, MvChR1, and AR-3) are expected
to permit optogenetic activation in deep layers, even when
bound to Al retinal. Substitution of A2 for Al retinal in these
rhodopsins will increase their efficiency significantly (Figure
9B). The strongest calculated effect was that for MvChR1. At a
depth of 1 cm, the total number of photons absorbed by the
A2-bound pigment will be 13-fold greater than the number
absorbed by the Al-bound pigment.

Our measurements demonstrate that A2 retinal can be
effectively used to improve the performance of optogenetic
tools in cultured cells even in the presence of endogenous Al
retinal, and the calculations show that the benefits will be even
greater for intact tissues. The possibility of using A2 retinal in
living animals is supported by earlier results obtained with
synthetic retinoids. In vitamin A-deprived rats, intraperitoneal
injection of a retinal analogue resulted in its rapid incorporation
into a major fraction of available opsin.’® However, future
studies are needed to test if a similar procedure will work for A2
retinal.
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