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The primary goal of optogenetics is the light-controlled nonin-
vasive and specific manipulation of various cellular processes.
Herein, we present a hybrid strategy for targeted protein engi-
neering combining computational techniques with electrophy-
siological and UV/visible spectroscopic experiments. We vali-
dated our concept for channelrhodopsin-2 and applied it to
modify the less-well-studied vertebrate opsin melanopsin. Mel-
anopsin is a promising optogenetic tool that functions as a
selective molecular light switch for G protein-coupled receptor
pathways. Thus, we constructed a model of the melanopsin G,
protein complex and predicted an absorption maximum shift
of the Y211F variant. This variant displays a narrow blue-shifted
action spectrum and twofold faster deactivation kinetics com-
pared to wild-type melanopsin on G protein-coupled inward
rectifying K™ (GIRK) channels in HEK293 cells. Furthermore, we
verified the in vivo activity and optogenetic potential for the
variant in mice. Thus, we propose that our developed concept
will be generally applicable to designing optogenetic tools.

Light is vital for most living organisms. The ability to sense and
respond to light is mediated by different light-sensitive pro-
teins.!"’ Optogenetics is an innovative technique combining the
use of light-sensitive proteins and genetically targeted cells in
organisms to precisely perform light-controlled manipulation
of cell function and signaling.”’ A prerequisite for the targeted
engineering of light-sensitive proteins to be used as precise
noninvasive optogenetic tools is a detailed atomistic under-
standing of photoactivatable biological processes.
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By now microbial rhodopsins are the best-studied optoge-
netic tools.®>* Bacteriorhodopsin (bR),” the first discovered
representative of this class, inspired the development of novel
biophysical tools for structural and functional investigation. Mi-
crobial rhodopsins span the membrane by seven transmem-
brane helices and comprise the chromophore retinal, which is
covalently bound to a lysine through a protonated Schiff base.
Fundamental research has enabled us to understand the struc-
ture and function of bR®” and paved the way for studies of
many additional microbial rhodopsins. Among these is the cur-
rently most widely used optogenetic tool channelrhodopsin-2
(ChR2), a light-gated ion channel from Chlamydomonas rein-
hardtii belonging to the type | opsins.®*® Since the usefulness
of ChR2 in optogenetics has been established, many improved
variants have been designed.” '

Other key players in optogenetics are type Il (animal) opsins
belonging to the family of G protein-coupled receptors
(GPCRs). Once activated by light, the GPCR in complex with
specific G proteins activates second messengers and signaling
pathways to control a variety of vital physiological processes,
for example, vision."" We have studied the photoreceptor
GPCR melanopsin from vertebrates, which occurs in intrinsical-
ly photosensitive retinal ganglion cells (ipRGCs) being mainly
involved in nonvision processes.!'*'3

In optogenetic experiments, melanopsin operates as a selec-
tive molecular switch with limited phototoxicity. It is a tristable
opsin that enables a precise control of the activation and deac-
tivation of GPCR pathways and/or neuronal firing,"*'® which is
switched on by blue light and off by yellow light."® G protein
transduction is divided into two classes: the cAMP signal path-
way and phosphatidylinositol bisphosphate (PIP,) pathway. G,
inhibits the cAMP signal pathway and G, activates the PIP,
pathway. Whereas vertebrate ciliary photoreceptors usually ac-
tivate the G, pathway,"” melanopsin is one of the few known
vertebrate opsins to be capable of activating G, signaling in
neurons. Other light-activated GPCRs are vertebrate cone
opsins (i.e., short-wave (vSWO) and long-wave (vLWO) opsins),
which solely activate the G, pathway. vSWO- and vLWO-medi-
ated G,, pathway activation in neurons are maximally induced
by UV light and red light, respectively,"® whereas melanopsin-
mediated G, pathway activation in neurons is maximally in-
duced by blue light."”

A long-term goal is to specifically light activate and deacti-
vate distinct G protein-coupled pathways by using melanopsin
in parallel with a distinct vertebrate opsin expressed in the
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same cell. However, crosstalk between the absorption bands of
melanopsin and cone opsins might exist. To optimize the opto-
genetic performance of melanopsin in combination with cone
opsins for in vivo applications, the excitation overlap of these
proteins has to be eliminated by engineering a +melanopsin
variant with blue-shifted activation spectrum (Figure S1 in the
Supporting Information). However, changing the wavelength
dependency (“color tuning”) of melanopsin by trial-and-error
experimental methods usually involves tedious human work.
Therefore, a knowledge-based approach considering the struc-
ture-wavelength relationship is desired to lead to a systematic
protein-engineering strategy that reduces human work for
color tuning.

Biomolecular simulations are a useful tool to gain informa-
tion for such a systematic strategy. In fact, the introduction of
hybrid quantum mechanics and molecular mechanics (QM/
MM) simulations®® enabled the first calculated UV/Vis spec-
trum and color-tuning studies of the retinal protein bR,?"
ChR2,? and of melanopsin.”® Theoretical UV/Vis spectroscopy
allows the calculation of excitation energies, provided that
structural models of the involved proteins are accessible. In
order to obtain a reliable prediction of the structure-wave-
length relationship for targeted color tuning, a careful valida-
tion of the UV/Vis calculation approach is needed. Especially as
there is a huge variety of conceptually different approaches
(semi-empirical or density functional theory (DFT)) to set up
and calculate excitation energies; the determination of the
appropriate approach is of particular importance.*” Therefore,
in this work, we first used the well-studied ChR2E4#252] 15 yal-
idate and establish our UV/Vis spectra calculation workflow,
which then enabled us to predict a melanopsin variant with
shifted absorption maximum (4,,,0-

Initially, we identified putative mutations for a red-shifted
Amax Of ChR2, because the radiation of red light is less harmful
to tissue and has a deeper penetration depth. Figure S2A
shows the sequence alignment of several microbial rhodop-
sins, for example, Chrimson,?”” which are known to have a red-
shifted A,,,, compared to ChR2.5%3% Combining this sequence
information with the structural information from the ChR2 X-
ray structure (PDB ID: 6EID;®" Figure S2B), we considered only
those residues in close proximity to the retinal. Our analysis
yielded four novel ChR2 variants (K93F, G181S, S256A and
K93F/S256A; Figure 1A) not yet discussed in the literature.
These variants affect the local polarity within the retinal bind-
ing pocket. We made UV/Vis spectroscopic measurements to
demonstrate that all these mutants have a red-shifted 4,,,, (Fig-
ure 1B and Table 1).

Concurrent 4., shifts of the ChR2 variants described above
were calculated by employing the theoretical UV/Vis spectros-
copy workflow detailed in Supporting Note 1 and in Figure S4.
The recently resolved X-ray structure of ChR2"" was used as
the initial structural model. Excitation energies were calculated
by using three different conceptual approaches; the semi-
empirical Cl method with modified neglect of diatomic overlap
(MNDOC) parameters® and two different DFT approaches,
namely TD/631-G*, and RCIS=(FC)/6-31G*.*¥ The measured
and calculated A, shifts are compared in Table 1, which re-
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Figure 1. UV/Vis spectroscopy of ChR2 variants. A) The ChR2 all-trans retinal
(cyan) binding pocket, based on PDB ID: 6EID,*" with site-specific variants
highlighted. B) The experimentally determined absorption spectra of all
ChR2 variants were red-shifted with respect to that of WT. See also Figure S3
and Table 1.

Table 1. Measured and calculated UV/Vis absorption shifts of ChR2 wild-
type and site-specific variants. The average shifts of both monomers are
given; absolute values are presented in Table S1.

UV/Vis absorption shifts [eV]

Measured ~ MNDOC  TD/6-31G*  RCIS=(FC)/6-31G*
G181S —0.022 —0.019 —0.030 —0.030
S256A —0.034 —0.039 —0.038 —0.037
K93F —0.072 —0.043 —0.029 —0.030
K93F/S256A —0.061 —0.049 —0.043 —0.042

veals that all methods predict a red shift of the ChR2 mutants;
this is in full accordance with the experiment (Figure 1B).
Therefore, from here on, we used only the fastest and compu-
tationally cheapest semiempirical CI method with MNDOC pa-
rameters available to us; this allows for the necessary QW/MM
coupling.

Our theoretical UV/Vis spectroscopy approach enables us to
predict the shift direction of the absorption maximum of var-
iants. Through this prediction, we reduce the number of exper-
imentally measured variants to a small pool of promising can-
didates. Such targeted selection of candidates is more eco-
nomic than strictly random trial-and-error experiments.

Correct prediction of the structure-wavelength relation
strongly depends on the quality of the structural model used
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to initiate the excitation energy calculations. In contrast to
ChR2, the 3D structure of melanopsin has not yet been experi-
mentally determined. However, recent breakthroughs in struc-
tural biology allowed structural models of opsins to be ob-
tained by X-ray crystallography,**=* cryo-electron microsco-
py,?*" and homology modeling.”? Using these structural
data, we constructed an atomistic model of membrane-insert-
ed solvated melanopsin G, protein complex. As outlined in
Supporting Note 2 and Figure S5, we optimized the modeling
concept, which was initially developed to build soluble pro-
teins like the proteasome,®® to create structural models of
transmembrane proteins. The key benefit of this concept is to
streamline and facilitate the use of established but often com-
plicated modeling suites like Rosetta and Modeller for ab initio
structure prediction and homology modeling.

For homology modeling of free melanopsin (i.e., not in com-
plex with G proteins), we chose the same template as Sekharan
et al.,” a squid rhodopsin.®¥ However, the model of Sekharan

[23]
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etal. erroneously introduced an extra isoleucine into the
mouse melanopsin sequence at position 129. Our corrected
sequence alignment is shown in Figure 2A. Figure 2B reveals
that the similarity between melanopsin and squid rhodopsin is
sufficient to build a reliable model exhibiting a similarity of
68% within the modeled sequence region. Table S2 reflects
that within the retinal binding pocket region (all amino acids
within 10 A distance of the retinal) the sequence similarity
reaches 79%. A correct assignment is further ensured by the
marked anchor residues (Figure 2A) considered to be residues
in the helical region that are identical in the sequence align-
ment. The helical regions, highlighted in green, were identified
by using a variety of different computational tools, as outlined
in Figure S6.

Next, the melanopsin G, protein complex was modeled as
detailed in the Supporting Note 2: The X-ray structure of $,AR
in complex with the G, protein® served as the basis for the
binary complex model (Figures S7 and S8). The resulting struc-

A) * Identical * Similar W Anchor Residue within 5A of RET
Predicted Helical Area Helical Area within 10A of RET
H1
Melanopsin 50 AHQAAAWVPFPTVDVPDHAHY TLGTVILLVGLTGMLGNLTVIYTFCRNRGLRTPANMFITI 109
Squid R. 17 IVVHPHWREF--DOVPDAVYYSLGIFIGICGI IGCGGNGIVIYLFTETKSLOTPANMFII 74
b2AR 166 TFRTGTWDAYAADEV---WVVGMGIVMSLIVLAIVEGNVLVITATAKFERLQTVINYFIT 222
* - sk * . = ok ok a3 el & ok
H2 _ ) H3
Melanopsin 110 NLAVSDFLMSVTO-APVEFASSLYKKWLEGETGCEFYAFCGAVFGITSMITLTAIAMDRY 168
Squid R. 75 NLAFSDFTFSLVNGFPLMTISCFLKKWIFGFAACKVYGFIGGIFGFMSIMTMAMISIDRY 134
b2AR 223 SLACADLVMGLAV-VPFGAAHILTKTWTFGNFWCEFWTSIDVLCVTASIETLCVIAVDRY 281
ok k. . . rok ok owx o ey : . ok ook
H4
Melanopsin 169 LVITRPLATIGRGSKRRTALVLLGVWLYALAWSLPPF-FCGWSAYVP-EGLLTSCSWDYMT 226
Squid R. 135 NVIGRPMAASKKMSHRRAFIMIIFVWLWSVLWAIGPI-FGWGAYTL-EGVLCNCSFDYIS 192
b2AR 282 !‘MTSPFKYQSLLTKRK&RV‘IILWWIVSGI.TSFLPIQMHWYRATHQEAINCYAEuETCC 340
* trog: ossz: W o g W : :
H5
Melanopsin 227 FTPQVRAYTMLLECEVEFLPLLIIIFCYIFIFRAIRETGRACEGCCES—-PL———————— 276
Squid R. 193 RDSTTRSNILCMFILGFFGPILIIFFCYFNIVMSVSNHEKEMAAMAKRLNAK---—-—-— 244
bZAR 341 DFFTNQAYAIASSIVSEYVPLVIMVEVYSRVFOEAKROLOKIDKSEGRFHVQNLSQVEQD 400
S & %
H6
Melanopsin 277 ===—-RORROWORLOSEWKMAKVALIVILLFVLSWAPYSTVALVAFAGYSHILTPYMSSYV 331
Squid R. 245 === ELRKAQAGANAEMRLAKISIVIVSQFLLSWSPYAVVALLAQFGPLEWVTPYARQL 295
b2AR 401 GRTGHGLRRS SKFCLKEHKALKTLGI IMGTFTLCWLPFFIVNIVHVIQDNLIRKE-VYIL 459
* . Kk ... WhAEKN K. 2
I-l'? H8
Melanopsin 332 PAVIARASATHNEIIYATTHPKYRVATAQHLPCLGV-LLGVSGORSHPSLSYRST 385
Squid R. 300 PVMFARASAIENPMIYSVSHPKFREAISQTFPWVLT-CCQFDDKETEDDKDAETE 358
b2AR 460 LNWIGYVNSGFNPLIYCR-SPDFRIAFQELL-CLRRSSLEAYG———-—-—- NGYSSN 506
: rET: ke ok o ok ok o :
B)

Figure 2. Melanopsin model construction. A) Sequence alignment of melanopsin with squid rhodopsin® and $,AR.”¥ The residues within 5 A of the retinal
are written in red and those 5-10 A from retinal are in purple. The predicted helices are highlighted in green (Figure S6), and the helical residues of the X-ray

structures are in pink. B) Final melanopsin homology model.
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ture was then used to initiate a 100 ns molecular mechanics
(MM) equilibration. In five subsequent independent MM pro-
duction runs (100 ns each), the protein-backbone-forming Ca
atom positions converged as shown by their root mean square
deviations (RMSD; Figure S9). Thus, we consider the structural
model obtained to be stable and reliable.

To calculate the theoretical UV/Vis spectra, we adopted the
approach we used for ChR2, starting by identifying hot spots
for amino acid exchange in melanopsin. Here, we focused on
the residues in the area between 5 and 10 A from retinal (Fig-
ure S10). These residues are close enough to the retinal to
have a significant electrostatic influence; however, they are
also likely far enough away to keep the overall structure and
function of melanopsin intact. We identified Y211F (Figure 4A)
as a promising variant for which we calculated a blue-shifted
Amax Of +0.016 eV.

We characterized the biophysical, optogenetic properties of
Y211F melanopsin by using patch-clamp recordings in HEK293
cells with stable expressing G protein-coupled inward rectify-
ing K™ (GIRK) 1,2 channels. In these cells, light-activated mela-
nopsins result in a G;,-pathway-mediated GIRK current. (Note,
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in neurons melanopsin activates mainly the G, pathway,
whereas in HEK293 cells it activates the G;, and the G, path-
ways.'") As predicted, the Y211F variant reveals a blue-shifted
Amax iN the activation action spectrum at 450 nm (2.755 eV)
compared to 470 nm (2.638 eV) for WT melanopsin (Figure 3
and the Supporting Note 3). The action spectrum (Figure 3B)
reveals a narrower shape for Y211F than for the WT. Both com-
pletely deactivate GIRK currents at 560 nm (2.214 eV, Fig-
ure S11). The resulting 20 nm (0.117 eV) shift during light-in-
duced activation is somewhat larger than predicted.
Furthermore, we characterized the activation and deactiva-
tion of melanopsin-induced GIRK currents (Figure 3C and D).
The activation and deactivation kinetics determine how fast a
cellular pathway can be controlled by light. The melanopsin-
dependent, light-induced GIRK current activation and deactiva-
tion of variant Y211F (7,,~1.0's; 7,4/5.0 s) are faster than in
WT melanopsin (,,~1.4s; 7,4~8.95s). The Y211F variant also
reveals a transient activation of the G protein pathways (Fig-
ure 3C), as becomes obvious in the 45% decline in response
amplitude for Y211F in comparison to for WT (15 %) when mel-
anopsins are deactivated after 30 s (Figures 3C and S12A, B).

B)
g )
5 g
3 3
| x
w 'S 14
8 (]
2
5l
wavelength / nm
C) 560 nm
Calculation
WT O = 24148V
Y211F Ae,,, =+0.016eV
D
: ® _:
WT (9) [
1
Y211F =
0 0

Figure 3. In silico and in vitro characterization of the Y211F variant. A) Simulation system of the melanopsin G, protein complex with the retinal binding
pocket enlarged and the calculated 4,,,, shift of the Y211F variant. B) Wavelength dependency of a normalized light-induced GIRK currents evoked by WT (a)
and Y211F (@) activation (n=7 cells). C) Comparison of GIRK current traces induced by WT and Y211F. D) Comparison of the activation (z,, n=9 cells) and de-

activation (7,4 n=10 cells) time constants of Y211F and WT melanopsin.
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However, light-activated, Y211F-mediated responses do not de-
cline in amplitude when deactivation occurs immediately after
activation. This allows for repetitive, fast, long-term stimulation
of the G protein pathway (Figure S13A), which is currently not
possible with other melanopsin variants.'® The fast temporal
control of the G protein pathway is possible because of the
fast activation and deactivation kinetics of Y211F (Figure 3D).
Thus, Y211F is an ideal tool to control intracellular G protein
signals repetitively with very low phototoxicity. (For a detailed
characterization of our variant see Supporting Note 4 and Fig-
ures S11-S15.)

We next analyzed the potential of combining our tuned mel-
anopsin variant with G,-pathway-activating vertebrate cone
opsins for simultaneous optogenetic control of two independ-
ent G protein pathways in vivo. As it has a narrow action spec-
trum, Y211F can be combined with vertebrate G;, coupled
short-wave opsin (vSWO) and long-wave opsin (VLWO). As
shown in Figure 4A vSWO can be activated at 380 nm (100%
activity) with negligible crosstalk with Y211F melanopsin,
which is only 31% active, compared to 61% of WT. Equally, ac-
tivation of Y211F at 480 nm (75%) leads to negligible activa-
tion of vSWO (20%). On the other hand, Y211F can be activat-
ed at 420 nm (80 %) with negligible crosstalk with vLWO activa-
tion (<30%; Figure 4B). Y211F can be deactivated at 560 nm
without activation of Y211F (0%) or vSWO (0%; Figure 4 A), but
with strong activation of vVLWO (> 75 %; Figure 4B). Thus, com-

relative response

wavelength / nm

650nm
420nm ,
.

relative response

wavelength / nm

Figure 4. Potential optogenetic application of Y211F melanopsin. A) Distinct
activation of vSWO (—) at 380 nm as well as Y211F (—) at 480 nm and
deactivation of Y211F (——) at 560 nm with negligible excitation energy
overlap. B) The transient character of the Y211F melanopsin variant now
allows its combination with vLWO (——), as it does not need to be switched
off anymore; Y211F melanopsin can be activated at 420 nm and vLWO at
650 nm. vLWO and vSWO data are from our previous publication."® All
graphs represent normalized light induced GIRK currents; WT (----- ) is
shown for comparison.
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bining Y211F melanopsin either with vSWO or vLWO is a prom-
ising optogenetic strategy for the specific activation and de-
activation of different G protein pathways in vivo.

As a first step towards in vivo application, we demonstrated
that Y211F optogenetically controls neuronal firing. We ex-
pressed Y211F specifically in Purkinje cells (PC; Figure 5A), an
important neuron type in the cerebellum for integrating motor
commands and adjusting motor behavior. As shown in
Figure 5, 10 s pulses of blue light increase the firing frequency
of PC. These proof-of-principle experiments demonstrate a
promising optogenetic potential for in vivo application of the
Y211F melanopsin variant.

In conclusion, we have presented a hybrid concept for tar-
geted protein engineering. We have established a UV/Vis spec-
tra calculation workflow and constructed a homology model of
the melanopsin G, protein complex. With this approach, we
identified the Y211F melanopsin variant. Electrophysiological
experiments revealed that the variant exhibits enhanced tem-
poral precision for controlling G protein signals, with faster ac-
tivation and twofold faster deactivation kinetics than WT mela-

c 200%
) § n=5s
-
£150%
o
£
Z£100%
w
-
R 50%
S 0
€ 9% 550 700 160 200 280 30

time [s]

Figure 5. In vivo characterization of Y211F melanopsin. A) Adeno-associated
virus (AAV)-mediated expression of yellow fluorescent protein (YFP)-tagged
Y211F melanopsin (green) in cerebellar Purkinje cells. Blue shows where the
PCs are stained with Nissl. B) Example in vivo traces of spiking cerebellar PC
before and during light application. C) activation of Y211F expressed in cere-
bellar PCs by 10 s pulses of light (m) increases the firing frequency of PCs.
Average: change in normalized firing frequency of five cells of one mouse.
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nopsin. In addition, the narrow action spectrum makes our var-
iant a promising candidate for combined activation with the
cone opsins vSWO and vLWO for specific activation and deacti-
vation of different G protein pathways in the brain and other
tissues.
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