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Optogenetics uses light-sensitive proteins, so-called optoge-
netic tools, for highly precise spatiotemporal control of cellular
states and signals. The major limitations of such tools include
the overlap of excitation spectra, phototoxicity, and lack of
sensitivity. The protein characterized in this study, the Japanese
lamprey parapinopsin, which we named UVLamP, is a promis-
ing optogenetic tool to overcome these limitations. Using a
hybrid strategy combining molecular, cellular, electrophysiolog-
ical, and computational methods we elucidated a structural
model of the dark state and probed the optogenetic potential
of UVLamP. Interestingly, it is the first described bistable verte-
brate opsin that has a charged amino acid interacting with the
Schiff base in the dark state, that has no relevance for its pho-
toreaction. UVLamP is a bistable UV-sensitive opsin that allows
for precise and sustained optogenetic control of G protein-
coupled receptor (GPCR) pathways and can be switched on,
but more importantly also off within milliseconds via low-
intensity short light pulses. UVLamP exhibits an extremely
narrow excitation spectrum in the UV range allowing for sus-
tained activation of the G;, pathway with a millisecond UV
light pulse. Its sustained pathway activation can be switched
off, surprisingly also with a millisecond blue light pulse, mini-
mizing phototoxicity. Thus, UVLamP serves as a minimally inva-
sive, narrow-bandwidth probe for controlling the G;, pathway,
allowing for combinatorial use with multiple optogenetic tools
or sensors. Because UVLamP activated G, signals are generally
inhibitory and decrease cellular activity, it has tremendous
potential for health-related applications such as relieving pain,
blocking seizures, and delaying neurodegeneration.

Using light to control cellular signals has already been suggest-
ed 40 years ago in 1979 by Crick, who imagined that neuronal
excitability could be controlled via light with much more spa-
tiotemporal precision than with pharmacological or electrical
approaches. Starting with the expression of microbial and
animal opsins in neurons, the field of optogenetics has been
developed in the last two decades." Optogenetics uses the
combination of optical, genetic and viral methods to achieve
control of cellular states, function and signaling with un-
matched spatial and temporal precision.? Often so-called
opsins, a class of light-sensitive proteins, are used to optoge-
netically control cellular functions ranging from in vitro assays
to control of complex behavioral tasks in freely moving ani-
mals. Typically, these opsins are expressed in genetically pre-
cisely targeted cell populations, for example, by viral transduc-
tion and can then be used to exclusively modulate the desired
cell population in multiple ways via application of light pulses.
Opsins can be classified into typel (microbial) and type ll
(animal) opsins with type | opsins being employed by prokar-
yotes, fungi and algae and type Il opsins being found in ani-
mals.”! Type Il opsins belong to the seven-transmembrane-
domain (7TM) GPCR superfamily, with most being typical light-
sensitive GPCRs, consisting of a 7TM protein moiety (opsin)
and a light-sensing non-protein moiety (the chromophore reti-
nal).” The retinal itself is bound to the protein moiety through
a protonated Schiff base (SB) linkage. This binding site is ener-
getically unstable and has to be stabilized by a counterion in
the protein interior. There are two tentative sites that can
serve as a counterion: E113 in transmembrane helix 3 and
E181 in extracellular loop 2 (positions for bovine rhodopsin).
For monostable (commonly vertebrate) opsins this counterion
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is typically E113, whereas bistable (commonly invertebrate)
opsins usually employ the more ancestral E181 as their coun-
terion.®¥ Interestingly, in the dark state structure of both ver-
tebrates®® and invertebrates® the analogues to positions 113
interact with the SB. It is assumed that within the photo cycle
rearrangements in extracellular loop 2 lead to a change in the
interaction network of the SB.”!

Here we biophysically characterized the Japanese lamprey
(Lethenteron camtschaticum) parapinopsin, a natively G-cou-
pled, UV-sensitive, vertebrate nonvisual type Il opsin. We reveal
its capability to control the G, signaling pathway with unseen
unique features making it an ideal optogenetic tool for multi-
ple applications in particular in the brain.

GPCRs coupling to the G, signaling pathways in the brain
are inhibitory. They are therefore gatekeepers of brain function
by reducing neuronal excitability and keeping the brain in
balance during emotion and arousal, contributing to neuronal
plasticity during development, learning and memory forma-
tion. The main and modulatory transmitter systems such as
glutamate, GABA, serotonin, dopamine, Ach, adrenaline and
noradrenaline rely on negative feedback mechanisms using
GPCRs coupling to the G;, pathway and therefore represent
major drug targets of the pharmaceutical industry.® These
pathways can now be controlled in a highly precise manner
using parapinopsin.

Japanese lamprey parapinopsin (hereafter: UVLamP or para-
pinopsin) is a homologue of the first identified catfish parapi-
nopsin, which was detected in the catfish pineal complex.”
Parapinopsin homologues have been found in the pineal
organ and its related organs of lower vertebrates."” They have
been found to couple to the G, pathway and to be involved in
extraretinal photoreception, especially in color discrimination
between UV and visible light due to their bistable nature, with
the optogenetic potential of parapinopsin being first proposed
in 2015.1"12

Recently, we characterized mouse and human homologues
of melanopsin, another non-visual opsin that can be found in
intrinsically photosensitive retinal ganglion cells (ipRGCs) of
the vertebrate retina and is involved in multiple physiological
processes, for example, the circadian rhythm. We could show
that melanopsin is a bistable/tristable opsin and a unique op-
togenetic tool that can be switched on/off with blue/green
light pulses and can precisely control the G, and G, pathway
in different expression systems like the mouse brain.'*'¥ De-
spite its advantageous characteristics, like high light sensitivity,
bistable switching between sustained active and inactive
states with short light pulses and strong expression in different
systems, two drawbacks remained: First, melanopsin is activat-
ed/deactivated in the visible spectrum ranging from blue for
activation to green/yellow for deactivation, therefore overlap-
ping with most other optogenetic tools. Second, depending
on the expression system, melanopsin is capable of activating
two different G protein pathways, namely the Gy, and the G,
pathway, making it potentially imprecise for specific pathway
control experiments. Herein, we show that UVLamP overcomes
these drawbacks making it an ideal next generation optoge-
netic tool, especially for applications involving multi tool ex-
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pression and highly precise control of distinct G protein path-
ways.

Lamprey parapinopsin induces a light-dependent hyperpola-
rization response in photoreceptor cells of the pineal organ
and inhibits adenylyl cyclase-dependent cAMP responses in
HEK 293S cells,""'? thus suggesting the activation of the Gy,
pathway. Therefore, we characterized the light-dependent re-
sponses on Gj,-mediated activation and deactivation of GIRK
currents, using HEK 293 cells that stably express G protein-cou-
pled inwardly rectifying K* (GIRK) channels," which has been
shown to be an ideal system for precise characterization of
light-induced G, pathway activation and deactivation!"*'>"""]
GIRK channels are modulated through the G, pathway via fast
direct interaction with G protein fy-subunits leading to the hy-
perpolarization of the cell membrane in brain and heart."® We
found that, like other G, coupled photoreceptors derived from
rods and cones, UVLamP effectively activates G;,-mediated
GIRK channels. UVLamP induces sustained G;,-dependent GIRK
currents (Figures 1 and 3A) through a 100 ms UV light pulse
(360 nm, 0.5 mWmm™) that can be completely deactivated
with another 100 ms blue light pulse (470 nm, 0.5 mWmm™2;
Figure 1A). Thus, UVLamP demands much shorter light pulses
for switching between active and inactive states in comparison
for example to bistable mouse melanopsin that needs several
seconds of constant light stimulation for a full deactivation.'”
We used this direct GIRK channel modulation to electrophysio-
logically characterize the action spectrum of UVLamP rather
than biochemically measuring the absorption spectrum. Char-
acterizing the action spectrum is much more sensitive and in-
volves functional GPCR pathway activation as a readout."® We
found that UVLamP displays a strongly UV-shifted and narrow
excitation (action) spectrum as it is exclusively activated by UV
light below 410 nm with a maximum activation efficiency be-
tween 360-370 nm and can be deactivated with blue/green
light between 440-570 nm with a maximum deactivation effi-
ciency in the blue range between 470-510 nm (Figure 1B). Ad-
ditionally, UVLamP can be repetitively activated with minimal
decline in response amplitude (Figure 1D).

So far, the 3D structure of the Japanese lamprey parapinop-
sin (UVLamP) has not been determined. Here, we constructed
in silico an atomistic model of membrane inserted solvated
parapinopsin in complex with GDP bound G, protein, reflect-
ing the dark state structure. To this end, we employed the
modeling concept we recently developed to build and validate
an atomic model of melanopsin®™ as outlined under Model
construction and Model validation in the Supporting Informa-
tion. The X-ray structure of bovine rhodopsin (PDB ID: 1U19)"?
served as a basis to build parapinopsin. The X-ray structures of
the heterotrimeric G, protein with PDB IDs 1GP2®” and
1BOF?Y were used to complete the binary complex. The se-
quence alignment shown in Figure S2 in the Supporting Infor-
mation reveals that the similarity between parapinopsin and
bovine rhodopsin is sufficient to build a reliable model exhibit-
ing a similarity of 66% within the modeled sequence region
(Table S1).

The resulting structural model shown in Figure 2A was then
used to initiate a 475 ns molecular mechanics (MM) simulation.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. In vitro characterization of Japanese lamprey parapinopsin (“UVLamP") via whole-cell patch-clamp recordings of GIRK currents in HEK GIRK 1/2 cells.
a) UVLamP induces sustained G;,-mediated GIRK currents via millisecond UV light stimulation that can be deactivated via millisecond blue light stimulation.
b) Action spectra depicting the wavelength dependence of UVLamP activation and deactivation. c) Expression of UVLamP (L. camtschaticum parapinopsin-

eGFP) in HEK cells. d) Repetitive (de-)activation of UVLamP.
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Figure 2. In silico characterization of parapinopsin in comparison with melanopsin. a) Simulation system of a membrane inserted solvated parapinopsin
(green) Gy, protein complex. lllustrated at right are the representative structures of the retinal (cyan) binding pocket of b) parapinopsin and c) melanopsin of
the converged MD simulation. Amino acids interacting with the retinal are highlighted as sticks. The contact pattern over the simulation time of the interac-

tion partners of the SB is shown below as bar.

The protein backbone forming Ca atom positions converged
after 350 ns as reflected by their root-mean-square deviation
(RMSD) shown in Figure S7. Thus, we consider the obtained
equilibrated trajectory as stable and reliable conformation,
reflecting the dynamic interaction network of dark state para-
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pinopsin. Next, we compared the dynamics of the interaction
network of parapinopsin in detail with those derived from mel-
anopsin MD simulations. The comparison of a representative
dark state structure of the converged retinal binding pockets
of parapinopsin and melanopsin is shown in Figure 2B,C. Inter-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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estingly, the models show that despite their high identity = due at this position, in contrast to melanopsin, cannot be of
within the retinal binding pocket the key binding partner of  relevance for parapinopsin bistability or functionality.
the retinal SB is different. In parapinopsin a glutamate (E99 We further characterized the properties of light-induced G,
(E113 for bovine rhodopsin)) interacts with the SB in the dark  signaling via UVLamP in detail in vitro and found that its light-
state, in contrast to melanopsin where it is a tyrosine (Y145 induced activation and deactivation time constants with 1.15 s
(E113 for bovine rhodopsin)). Within both proteins the E99 or  for activation and 4.95s for deactivation (Figure 3A). These
Y145 interact with the SB over the whole simulation trajectory  time constants are even faster than those of wild-type mouse
which indicates very strong binding. This is of particular inter-  melanopsin (~ 1.4 and ~8.5 s, respectively™) and comparable
est because for other bistable vertebrate opsins except for en-  with the recently engineered Y211F mutant." We next investi-
cephalopsin,”® position 99 (113 for bovine rhodopsin) is typi-  gated the minimal light pulse duration for activation and deac-
cally occupied by neutral amino acid residues such as Y, F, M.  tivation of GIRK channels using UVLamP. We found that 100 ms
Yet, parapinopsin employs glutamate at both positions 99 (113 light pulses (360/470 nm) are sufficient for full activation and
for bovine rhodopsin) and 167 (181 for bovine rhodopsin) sim-  deactivation efficiency with half-maximal (de-)activation al-
ilar to monostable pigments like bovine rhodopsin.? %! ready occurring at 30 ms (Figure 3B), outperforming other
To identify the counterion, we created and electrophysiologi-  GPCR-based optogenetic tools. Also optogenetically beneficial
cally characterized mutations of the potential counterion sites is the very high light sensitivity of UVLamP (Figure 3 C), which
at position E99 (E113 for bovine rhodopsin) and position E167  reaches maximal activation and deactivation by 100 ms light
(E181 for bovine rhodopsin; Figure S1). Point mutations at  pulses at intensities of 0.7 mWm~2 with half-maximal activation
both positions (E99A/H/Y, E167A/H/Y) showed that altering/  already occurring at 0.1 mWm™
removing the potential counterion at position E99 does not We next investigated the pathway specificity of UVLamP to
interfere with UVLamP functionality, whereas alterations at po-  verify its use as a G, specific optogenetic probe. Three main
sition E167 completely abolished its functionality (Figure S1).  GPCR pathways are distinguished, that is, Gy, Ggunans and
That E99 does not impact parapinopsin function is in contrast ~ G.”» We monitored the G, pathway by observing Gg-in-
to melanopsin, where the mutation of the E99 analogue Y145  duced rise in intracellular Ca>™ using co-expression of geneti-
is functionally important. Mutation of Y145, despite not being  cally encoded calcium indicators (GECls) in HEK tsA 201 cells®®
a potential counterion, led to a total loss of melanopsin func-  and compared mouse melanopsin with UVLamP (GCamP6é6m
tion,?¥ while for encephalopsin the functional relevance of its  and jRCaMP1b, respectively). We found that blue light stimula-
analogous aspartate is still unknown.'” The parapinopsin re-  tion of mouse melanopsin induces a fast rising sustained Ca?*
sults show that E167 is the sole counterion for the photoprod-  signal, again confirming its capability of modulating the G,
uct of UVLamP"® Thus, comparable with mouse melanopsin,  pathway,"® whereas UV light stimulation of UVLamP does not
the Japanese lamprey parapinopsin (UVLamP), despite belong-  lead to a change in intracellular Ca>" (Figure 4A). We also
ing to the group of vertebrate opsins, still uses the ancestral  looked at the G, pathway via G,-induced rise in intracellular
invertebrate opsin counterion. cAMP™ ysing co-expression of a red fluorescent protein-based
In conclusion, our electrophysiological data show that para- cAMP indicator (Pink Flamindo).”® We found that UV (or blue)
pinopsin is bistable. Parapinopsin uses E167 (E181 for bovine light stimulation of UVLamP did not lead to a rise in intracellu-
rhodopsin) as a sole counterion, at least for the photoproduct, lar cAMP, whereas direct stimulation of the cAMP producing
with mutations at position E99 having no impact on parapi- adenylyl cyclase via Forskolin® lead to a fast cAMP increase
nopsin functionality. Complementary analysis of the contact (Figure 4B), that is blocked by activation of UVLamP following
network (Figure 2) within biomolecular simulations shows that compound washout (Figure S8). These results suggest that
E99 is strongly bound to the SB in the dark state. Therefore, =~ UVLamP exclusively modulates the Gy, but not the G, or G,

our data imply that critical interaction of the amino acid resi-  pathway.
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Figure 3. a) Comparison of UV-light-induced activation (z,,), unstimulated dark-adapted inactivation (7.4 and blue-light-induced deactivation (t4..) time con-

stants for UVLamP (left). Light-induced GIRK currents with and without addition of GIRK channel blocker Tertiapin-Q (right). b) Light pulse duration depend-
ence of UVLamP activation and deactivation. c) Light intensity dependence of UVLamP activation and deactivation.
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Figure 4. a) Light-induced G;-mediated Ca** responses in HEK tsA201 cells for mouse melanopsin (blue light, GCaMP6m, green) and UVLamP (UV light,
jRCaMP1Db, red). b) Light-induced G,-mediated intracellular cAMP increase in HEK tsA201 cells for UVLamP (blue and UV light, Pink Flamindo, red). Expressing

cells were stimulated with forskolin (activator of adenylyl cyclase) in a final step.

In summary, we present the first experimental prove for the
high optogenetic potential of the Japanese lamprey parapi-
nopsin (UVLamP), establishing it as a unique next generation
optogenetic tool. We used a hybrid strategy to characterize
the biophysical properties of UVLamP and construct its first
structural model. Therefore, we combined molecular, cellular,
electrophysiological and computational procedures.

In contrast to most other frequently used optogenetic tools,
UVLamP enables precise and exclusive control of the G, path-
way by using millisecond low intensity light pulses for switch-
ing this pathway on and most importantly also off. Importantly,
UVLamP shows a strongly UV-shifted narrow activation spec-
trum, enabling combinatory experimental designs with blue-,
green-, or red-shifted tools with minimal crosstalk. (Note, red-
shifted tools are in principle preferable over blue shifted tools
because of the lower energy and deeper tissue penetration of
red light®”) To our knowledge, UVLamP is the first bistable
vertebrate opsin with a positively charged amino acid interact-
ing with the SB in the dark state with this interaction being
not relevant for its photoreaction. Additionally, UVLamP allows
for long-term activation of the G, pathway with millisecond,
low intensity light pulses. Due to its bistable nature, UVLamP
can also be switched off with a millisecond light pulse in the
blue spectrum on demand, leading to highly reduced cellular
phototoxicity. UVLamP’s unique potential of pathway activa-
tion and deactivation by millisecond light pulses is essential
for minimizing cellular photodamage due to the high energy
UV light®"” Thus, UVLamP enables new minimally invasive
experimental procedures to elucidate GPCR (dis-)function in
health and disease.

Because GPCRs coupling to the G, pathway are important
drug targets for various diseases including anxiety, depression,
epilepsy and pain and importantly contribute to synaptic plas-
ticity and neuronal development,®? our next goals are to engi-
neer UVLamP variants for altered trafficking into disease rele-
vant GPCR domains in the mammalian brain. Because of the
unique, blue-shifted, narrow bandwidth features of UVLamP it
will now be possible, in combination with other optogenetic
tools and genetically encoded sensors, to shed light onto
important, unresolved questions in neurobiology, that is, how
differently shaped GPCR signals such as fast, transient, long

ChemBioChem 2020, 21, 612-617 www.chembiochem.org

lasting or sustained signals contribute to brain function and
change during disease states.'**¥
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