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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 Gy, 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 G,
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 [y-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 3 A) through a 100 ms UV light pulse
(360 nm, 0.5 MW m™) that can be completely deactivated with
another 100 ms blue light pulse (470 nm, 0.5 mWm™; Fig-
ure 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 sec-
onds of constant light stimulation for a full deactivation.!” We
used this direct GIRK channel modulation to electrophysiologi-
cally characterize the action spectrum of UVLamP rather than
biochemically measuring the absorption spectrum. Characteriz-
ing the action spectrum is much more sensitive and involves
functional GPCR pathway activation as a readout."® We found
that UVLamP displays a strongly UV-shifted and narrow excita-
tion (action) spectrum as it is exclusively activated by UV light
below 410 nm with a maximum activation efficiency between
360-370 nm and can be deactivated with blue/green light be-
tween 440-570 nm with a maximum deactivation efficiency in
the blue range between 470-510 nm (Figure 1B). Additionally,
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 Gy, 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  pinopsin. Next, we compared the dynamics of the interaction
after 350 ns as reflected by their root-mean-square deviation  network of parapinopsin in detail with those derived from mel-
(RMSD) shown in Figure S7. Thus, we consider the obtained  anopsin MD simulations. The comparison of a representative
equilibrated trajectory as stable and reliable conformation, dark state structure of the converged retinal binding pockets
reflecting the dynamic interaction network of dark state para-  of parapinopsin and melanopsin is shown in Figure 2B,C. Inter-
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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 Gy,
(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~? 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 Gi-induced rise in intracellular
invertebrate opsin counterion. cAMP™ using 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 G, 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 (z.4) and blue-light-induced deactivation (z4..) 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,
jRCaMP1b, 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
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lasting or sustained signals contribute to brain function and
change during disease states.'***

Acknowledgements

This work was supported by Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) grants He2471/23-1,
He2471/21-1, He2471/19-1, Priority Program (SPP1926) and
GE 599/19-1 (to S.H. and KG.), SFB874 (DFG project no.
122679504) (to S.H.), SFB1280 (DFG project no. 316803389) (to
S.H.), Ma5806/2-1 (to M.D.M.), the Individual Research Grant no.
321722360 (GE 599/20-1; to K.G.) and scholarships by Studienstif-
tung des deutschen Volkes (to D.E.) and Friedrich-Ebert-Stiftung
(to RK.). Further support was provided by the Protein Research
Unit Ruhr within Europe (PURE) funded by the Ministry of Innova-
tion, Science and Research (MIWF) of North-Rhine Westphalia,
Germany (to K.G.).

Keywords: computational chemistry electrophysiology
integrative modeling - mutagenesis - optogenetics - structural
biology

[1] a)B.V. Zemelman, G. A. Lee, M. Ng, G. Miesenbdck, Neuron 2002, 33,
15; b) X. Li, D. V. Gutierrez, M. G. Hanson, J. Han, M. D. Mark, H. Chiel, P.
Hegemann, L. T. Landmesser, S. Herlitze, Proc. Natl. Acad. Sci. USA 2005,
102, 17816; ¢) S. Herlitze, L. T. Landmesser, Curr. Opin. Neurobiol. 2007,
17, 87.

[2] K. Deisseroth, Nat. Methods 2011, 8, 26.

[3] O.P. Ernst, D. T. Lodowski, M. Elstner, P. Hegemann, L. S. Brown, H. Kan-
dori, Chem. Rev. 2014, 114, 126.

[4] A. Terakita, Genome Biol. 2005, 6, 213.

[5] Y. Shichida, T. Matsuyama, Philos. Trans. R. Soc. London Ser. B 2009, 364,
2881.

[6] M. Murakami, T. Kouyama, Nature 2008, 453, 363.

[7]1 E.C. Y. Yan, M. A. Kazmi, Z. Ganim, J.-M. Hou, D. Pan, B.S. W. Chang, T. P.
Sakmar, R. A. Mathies, Proc. Natl. Acad. Sci. USA 2003, 100, 9262.

[8] P.G. de Oliveira, M. L. S. Ramos, A.J. Amaro, R. A. Dias, S. . Vieira, Front.
Aging Neurosci. 2019, 11, 89.

[9] S. Blackshaw, S. H. Snyder, J. Neurosci. 1997, 17, 8083.

[10] A. Terakita, M. Koyanagi, H. Tsukamoto, T. Yamashita, T. Miyata, Y. Shichi-
da, Nat. Struct. Mol. Biol. 2004, 11, 284.

[11] a) E. Kawano-Yamashita, M. Koyanagi, S. Wada, H. Tsukamoto, T. Nagata,
A. Terakita, PLoS One 2015, 70, e0141280; b)S. Wada, B. Shen, E.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1016/S0896-6273(01)00574-8
https://doi.org/10.1016/S0896-6273(01)00574-8
https://doi.org/10.1073/pnas.0509030102
https://doi.org/10.1073/pnas.0509030102
https://doi.org/10.1016/j.conb.2006.12.002
https://doi.org/10.1016/j.conb.2006.12.002
https://doi.org/10.1038/nmeth.f.324
https://doi.org/10.1021/cr4003769
https://doi.org/10.1186/gb-2005-6-3-213
https://doi.org/10.1098/rstb.2009.0051
https://doi.org/10.1098/rstb.2009.0051
https://doi.org/10.1038/nature06925
https://doi.org/10.1073/pnas.1531970100
https://doi.org/10.1523/JNEUROSCI.17-21-08083.1997
https://doi.org/10.1038/nsmb731
https://doi.org/10.1371/journal.pone.0141280
http://www.chembiochem.org

.@2 ChemPubSoc
et Europe

[12]

[13]

[14]

[15]
[16]
[171
18]
[19]
[20]
[21]

[22]
[23]

ChemBioChem 2020, 21, 612-617

Kawano-Yamashita, T. Nagata, M. Hibi, S. Tamotsu, M. Koyanagi, A. Tera-
kita, Proc. Natl. Acad. Sci. USA 2018, 115, 11310.

M. Koyanagi, E. Kawano, Y. Kinugawa, T. Oishi, Y. Shichida, S. Tamotsu, A.
Terakita, Proc. Natl. Acad. Sci. USA 2004, 101, 6687.

K. Spoida, D. Eickelbeck, R. Karapinar, T. Eckhardt, M. D. Mark, D. Jancke,
B. V. Ehinger, P. Kénig, D. Dalkara, S. Herlitze, et al., Curr. Biol. 2016, 26,
1206.

S. A. Tennigkeit, R. Karapinar, T. Rudack, M.-A. Dreier, P. Althoff, D. Eickel-
beck, T. Surdin, M. Grommke, M. D. Mark, K. Spoida, et al., ChemBioChem
2019, 20, 1766.

O. A. Masseck, K. Spoida, D. Dalkara, T. Maejima, J. M. Rubelowski, L.
Wallhorn, E. S. Deneris, S. Herlitze, Neuron 2014, 81, 1263.

M. D. Mark, S. Herlitze, Eur. J. Biochem. 2000, 267, 5830.

B. Hille, Trends Neurosci. 1994, 17, 531.

a) A. J. Emanuel, M. T. H. Do, Neuron 2015, 85, 1043; b) V. |. Govardovskii,
N. Fyhrquist, T. Reuter, D. G. Kuzmin, K. Donner, Visual Neurosci. 2000,
17, 509.

T. Okada, M. Sugihara, A.-N. Bondar, M. Elstner, P. Entel, V. Buss, J. Mol.
Biol. 2004, 342, 571.

M. A. Wall, D. E. Coleman, E. Lee, J. A. lhiguez-Lluhi, B. A. Posner, A.G.
Gilman, S. R. Sprang, Cell 1995, 83, 1047.

D. E. Coleman, S. R. Sprang, Biochemistry 1998, 37, 14376.

S. Blackshaw, S. H. Snyder, J. Neurosci. 1999, 19, 3681.

M. Nakagawa, T. Iwasa, S. Kikkawa, M. Tsuda, T. G. Ebrey, Proc. Natl.
Acad. Sci. USA 1999, 96, 6189.

[24]

[25]
[26]

CHEMBIOCHEM
Communications

J. Rodgers, S.N. Peirson, S. Hughes, M. W. Hankins, Cell. Mol. Life Sci.
2018, 75, 3609.

S. Offermanns, Prog. Biophys. Mol. Biol. 2003, 83, 101.

a) A. H. Partridge, I. E. Smith, R.B. Rumble, JOP 2015, 11, 42; b) T-W.
Chen, T.J. Wardill, Y. Sun, S.R. Pulver, S.L. Renninger, A. Baohan, E.R.
Schreiter, R. A. Kerr, M. B. Orger, V. Jayaraman, et al., Nature 2013, 499,
295; ¢) H. Dana, B. Mohar, Y. Sun, S. Narayan, A. Gordus, J. P. Hasseman,
G. Tsegaye, G. T. Holt, A. Hu, D. Walpita, et al., eLife 2016, 5, e12727.

J. Hanoune, N. Defer, Annu. Rev. Pharmacol. Toxicol. 2001, 41, 145.

K. Harada, M. Ito, X. Wang, M. Tanaka, D. Wongso, A. Konno, H. Hirai, H.
Hirase, T. Tsuboi, T. Kitaguchi, Sci. Rep. 2017, 7, 7351.

R. H. Alasbahi, M. F. Melzig, Pharmazie 2012, 67, 5.

C. Ash, M. Dubec, K. Donne, T. Bashford, Lasers Med. Sci. 2017, 32, 1909.
A. Slominski, J. Pawelek, Clin. Dermatol. 1998, 16, 503.

A.S. Hauser, M. M. Attwood, M. Rask-Andersen, H. B. Schi6th, D. E. Glori-
am, Nat. Rev. Drug Discovery 2017, 16, 829.

a) K. Spoida, O. A. Masseck, E. S. Deneris, S. Herlitze, Proc. Natl. Acad. Sci.
USA 2014, 111, 6479; b) D. Eickelbeck, R. Karapinar, A. Jack, S.T. Suess,
R. Barzan, Z. Azimi, T. Surdin, M. Grommke, M.D. Mark, K. Gerwert,
et al., Commun. Biol. 2019, 2, 60.

Manuscript received: August 5, 2019

Acc

epted manuscript online: August 29, 2019

Version of record online: October 30, 2019

www.chembiochem.org

617

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1073/pnas.1802592115
https://doi.org/10.1073/pnas.0400819101
https://doi.org/10.1016/j.cub.2016.03.007
https://doi.org/10.1016/j.cub.2016.03.007
https://doi.org/10.1016/j.neuron.2014.01.041
https://doi.org/10.1046/j.1432-1327.2000.01670.x
https://doi.org/10.1016/0166-2236(94)90157-0
https://doi.org/10.1016/j.neuron.2015.02.011
https://doi.org/10.1017/S0952523800174036
https://doi.org/10.1017/S0952523800174036
https://doi.org/10.1016/j.jmb.2004.07.044
https://doi.org/10.1016/j.jmb.2004.07.044
https://doi.org/10.1016/0092-8674(95)90220-1
https://doi.org/10.1021/bi9810306
https://doi.org/10.1523/JNEUROSCI.19-10-03681.1999
https://doi.org/10.1073/pnas.96.11.6189
https://doi.org/10.1073/pnas.96.11.6189
https://doi.org/10.1007/s00018-018-2813-0
https://doi.org/10.1007/s00018-018-2813-0
https://doi.org/10.1016/S0079-6107(03)00052-X
https://doi.org/10.1200/JOP.2014.001685
https://doi.org/10.1038/nature12354
https://doi.org/10.1038/nature12354
https://doi.org/10.1146/annurev.pharmtox.41.1.145
https://doi.org/10.1007/s10103-017-2317-4
https://doi.org/10.1016/S0738-081X(98)00023-6
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1073/pnas.1321576111
https://doi.org/10.1073/pnas.1321576111
http://www.chembiochem.org

BIO

Supporting Information

Lamprey Parapinopsin (“UVLamP”): a Bistable UV-Sensitive
Optogenetic Switch for Ultrafast Control of GPCR
Pathways

Dennis Eickelbeck,*™ Till Rudack,®™ 9 Stefan Alexander Tennigkeit,” 9 Tatjana Surdin,?
Raziye Karapinar,” Jan-Claudius Schwitalla,”” Brix Miicher,”” Maiia Shulman,® 9
Marvin Scherlo,”™ 9 Philipp Althoff, < Melanie D. Mark,””’ Klaus Gerwert,*® < and
Stefan Herlitze"

cbic_201900485_sm_miscellaneous_information.pdf


http://orcid.org/0000-0002-8494-6543
http://orcid.org/0000-0002-8494-6543
http://orcid.org/0000-0003-2693-9561
http://orcid.org/0000-0003-2693-9561
http://orcid.org/0000-0001-6554-0305
http://orcid.org/0000-0001-6554-0305
http://orcid.org/0000-0001-6554-0305

Experimental procedure

Generation of plasmid constructs

To construct adeno-associated virus (AAV) expression vectors and allow for the necessary
large packaging capacity, the pAAV-CW3SL-EGFP vector (GenBank accession number:
KJ411916.2) was used as the backbone plasmid for all opsin constructs ['l. The Japanese
lamprey parapinopsin (Lethenteron camtschaticum, GenBank accession number:
AB116380.1, as submitted to GenBank in 2003 12) cDNA was inserted into the vector removing
the stop-codon and adding a c-terminal eGFP as a fluorescence marker. This construct will
be named parapinopsin or UVLamP in the following. Each element was PCR amplified with
16bp overhangs and inserted into the backbone via AQUA Cloning for expression under the
CMV promoter Bl. The mouse melanopsin control plasmid was generated accordingly
exchanging the eGFP for an mCherry fluorescence tag, as described in our previous
publication . The green and red Ca?* sensors GCaMP6m and jRCaMP1b as well as the red
cAMP indicator Pink Flamindo were used unmodified as described in their respective
publications [,

Cell culture and in vitro imaging

Human embryonic kidney (HEK) tsA201 cells and HEK GIRK 1/2 cells (HEK293 cells stably
expressing GIRK1/2 subunits, kindly provided by Dr. A. Tinker UCL London, GB) were
maintained at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM), 4.5 g I"'D-glucose,
supplemented with 10% fetal bovine serum (Gibco) and penicillin/streptomycin in a humidified
incubator under 5% CO,. Growth medium of stable cell lines was supplemented with G418 (5
mg/ml). Cells were cultured on 35 mm glass bottom dishes (for imaging) or plastic bottom
dishes (for electrophysiology). Cells were transfected with UVLamP or mouse melanopsin via
FUGENE® HD (Promega) according to the manufacturer’s protocol and incubated for 18-24 h
before recordings. For opsin experiments 9-cis retinal was added to a final medium
concentration of 1 pM. To image Ca?* signals in HEK tsA201cells via GCaMP6ém or
jRCaMP1b, cells were transiently co-transfected with UVLamP + jRCaMP1b or mouse
melanopsin + GCaMP6m. Cells were seeded into poly L-lysine coated 35 mm glass bottom
dishes, transfected at 70% confluency with equal amounts of plasmid DNA and used the next
day. Ca®* and cAMP imaging was performed at an inverted Leica TCS SP5 confocal laser-
scanning microscope, (Leica DMI6000 B, Wetzlar, Germany) interfaced to a personal
computer, running Leica Application Suite Advanced Fluorescence software (LAS AF 2.6). A
20X/0.7NA objective was used to acquire timelapse images (512 x 512 pixels with 1.2 s
interval for live cell imaging). Cells were visualized via mCh or eGFP fluorescence with the
561 nm or 476 nm laser lines. Mouse melanopsin was activated and GCaMP6m was
monitored with the 476 and 495 nm argon laser lines, whereas UVLamP was
activated/deactivated and jJRCaMP1b or Pink Flamindo was monitored with the 405 nm, 476
and 561 nm laser lines. The exact stimulation protocol is shown in the corresponding figure.
The adenylyl cyclase activator Forskolin (Tocris, 100 uM) was bath applied at the last step of
each stimulation. Fluorescence intensity of the respective sensor signal was measured over
time for individual cells, normalized and scaled to the maximal response amplitude. Captured
images were transferred into Imaged software (1.47v; NIH) and analyzed with the time series
analyzer V3 plugin.

In vitro electrophysiology

For GIRK channel recordings light sensitive GPCRs were expressed in HEK GIRK 1/2 cells
(see above). Cells were cultured on 35 mm dishes and recorded in dark room conditions after
transfection. GIRK-mediated K*-currents were measured and analyzed as described in the
following (see also ®). The external solution was as follows: 20 mM NaCl, 120 mM KCI, 2 mM
CaClz, 1 mM MgClz, 10 mM HEPES-KOH, pH 7.3 (KOH). Patch pipettes (2-5 MQ) were filled
with internal solution: 100 mM potassium aspartate, 40 mM KCI, 5 mM MgATP, 10 mM
HEPES-KOH, 5 mM NaCl, 2 mM EGTA, 2 mM MgCl, 0.01 mM GTP, pH 7.3 (KOH). Cells
were recorded in external solution containing 1uM 9-cis retinal (Sigma). The high affinity GIRK
channel blocker Tertiapin-Q (Tocris, 1 yM) was bath applied while recording positive cells in
whole-cell patch clamp configuration. Experiments were conducted with an inverted



microscope (Axiovert, ZEISS) and patch pipettes were controlled with a multi-
micromanipulator (MPC-325, SUTTER INSTRUMENT). Transfected cells were visualized and
UVLamP was manipulated with a monochromator system (Polychrome V, TILL Photonics).
The stimulation protocols consisted of 100 ms, 360 nm, 0.7 mW/mm?2 light pulses for activation
and 100 ms, 470 nm, 0.7 mW/mm? light pulses for deactivation if not stated otherwise in the
corresponding figures. For the characterization of UVLamP wavelength dependence, light
pulse duration dependence and intensity dependence, protocols were pseudorandomized and
UVLamP was maximally deactivated between each trial. Whole-cell patch clamp recordings
of HEK cells were performed, digitized at 10 kHz and filtered with an EPC10 USB amplifier
(HEKA). Series resistances were partially compensated between 70 and 90%. The
PatchMaster software (HEKA) was used for monochromator and voltage controls as well as
data acquisition, and off-line analysis was made with Igor Pro 6.0 software (Wavemetrics).

Statistics

Statistical significance, test procedure and numbers of cells and/or trials performed (n) are
specified in the figure legends. Statistical significance in all experiments was evaluated using
SigmaPlot software (Systat Software) or Igor Pro software (WaveMetrics). For all results, the
level of significance was set to p < 0.05. Statistical significance is indicated with *** p < 0.001;
**p <0.01; * p <0.05; n.s. (not significant).

Molecular mechanics simulations

The constructed model was prepared as starting structure for molecular mechanics (MM)
simulations in the Moby program suite /. Structure preparation included dihedral-, angle-,
and bond corrections according to the united atom Amber84 force field 1. MM simulations
were performed according to our previous publications 1%, We used the OPLS/AA all atom
force field and GROMACS version (2019.3) ['"l. All Systems were initially solvated following
the Vedani-type ['? and thoroughly solvated in a cubic simulation cell with TIP4P water '3 and
154 mM NaCl. Membrane insertion was performed by using lambada ['4 (to calculate a
hydrophobic belt) and g_membed ['*l (to embed the protein in the membrane).

Model construction software

The VMD '3 plugin QwikMD ['61 was used to set up and conduct interactive molecular
dynamics (iMD) simulations and molecular dynamics flexible fitting (MDFF) runs employing
NAMD ['Twith the CHARMMS36 force field '8l. We also used Rosetta ['%-2'l for ab initio structure
prediction. Modeller 2 was employed for homology modeling. A detailed description of the
modeling workflow is given below under Model construction and Model validation.

Model construction strategy

We used our recently developed hybrid modeling workflow ['° to generate a structural model
of the Japanese lamprey parapinopsin (GenBank accession number: AB116380.1). The key
benefit of this concept is to streamline and facilitate the usage of ab inito structure prediction
and homology modeling in combination with molecular dynamics simulations. The basis for
the model is the bovine rhodopsin crystal structure (PDB-ID 1u19) 3. The employed
sequence alignment for homology modeling in shown in Figure S2. We incorporated additional
information about helical regions, which we identified using ab initio structure prediction with
Rosetta ['%-2"], structure prediction meta server like constrained consensus topology prediction
server (CCTOP) 24 and the Bioinformatics Toolkit [2°], as well as homology modeling server
like Swiss Model ?61 and Lomets 271, All results are summarized in Figure S3 and the finally
used secondary structure is highlighted in green within Figure S2. Conserved functional
elements serve as anchor residues considered as residues in the helical region that are
identical within a multiple sequence alignment marked with bold stars in Figure S2. For the
multiple sequence alignment we used the Glucagon-like peptide1 receptor (PDB-ID 5VAI 28),
the Calcitonin receptor (PDB-ID 5UZ7 [?9), the Beta-2 adrenergic receptor (PDB-ID 3SN6 130),
the Bos taurus Rhodopsin (PDB-ID 3DQ@B B'), and the Squid rhodopsin (PDB-ID 2273 7).
The X-ray structure of the heterotrimeric G; protein (PDB-ID 1gp2 B31) from rat served as basis
to construct human GDP bound Ga,. As it was shown that the GDP bound state of Gai has an



Mg?* bound to GDP we added the Mg?* including the three coordinating water molecules and
replaced the side chain of Ser47 and the loop from residue number 176 to 183 including the
Mg?* coordinating Thr181 using the X-ray structure of the isolated Ga subunit with bound Mg?*
(PDB-ID 1bof B4). Then, the resulting rat G; protein with bound GDP and Mg?* was used as
template to build the homology model of human G, protein employing SCWRL 4.0 B3, The
sequence alignments of all three G protein subunits are shown in Figures S4-6.

The complex with the G protein was constructed based on the B2AR crystal structure (PDB-
ID 3SN6 %), The parapinopsin model was aligned with 2AR and our G protein model with
the one of the X-ray structure. As helix 5 and 6 from parapinopsin clash with the Ga subunit
we used QwikMD Ul to run an interactive molecular dynamics simulation using NAMD ['7]
through VMD ['81 to move these two helices outwards. We assume that the overall shape
between the B2AR and the Gs protein is highly similar to the shape of the parapinopsin G
protein complex. Therefore, we refined the parapinopsin G protein complex to the shape of
B2AR using molecular dynamics flexible fitting (MDFF) simulations 81, The X-ray structure of
B2AR (PDB-ID 3SN6 B0) was converted into a volumetric density using volutiles of VMD ['91,
QwikMD '8 was used to set up and conduct MDFF runs employing NAMD ['71 with the
CHARMM36 force field ['8. We constructed the melanopsin G, protein complex following the
same strategy as described for parapinopsin. We used the uncomplexed melanopsin model
from Tennigkeit et al. ['% and the same GDP bound G protein as used for parapinopsin.
Within the iterative process that involves Monte Carlo based (Rosetta) ['*2'l and MD based
structure optimization (Moby-program package (H. Héweler, MAXIMOBY, CHEOPS,
Altenberge, Germany, 2007)) the final model of parapinopsin in complex with human G, is
solvated, placed into the membrane and optimized regarding, side chain orientation, and
hydrogen bond network. Then, the model is equilibrated by MM simulations (Gromacs 2019.3
["]) to adapt to its physiological environment.

Model validation

Table S1 reflects a high sequence similarity of 70 % (identity 42 %) for the helical area of
parapinopsin compared to bovine rhodopsin. A correct alignment is further ensured by the
above described anchor residues. In addition, the key functional region, the retinal binding
pocket, contains highly conserved functionally relevant amino acids. Based on these values
we expect a highly accurate homology model of parapinopsin. The rat Giand human G, protein
have an almost identical sequence (Figures S4-6), therefore, we also expect a highly reliable
G protein model. Figure S7 shows the convergency to a stable plateau of the RMSD within
our 475 ns MD simulations of the parapinopsin G, protein complex and the melanopsin G
protein complex. This convergency reflects that both simulation systems have reached a
stable conformation.
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Figure $1. In vitro characterization of japanese lamprey parapinopsin (“UVLamP”) counterion
point mutations via whole-cell patch clamp recordings of GIRK currents in HEK GIRK 1/2 cells.
a) Example traces of light induced induced GIRK currents for UVLamP E99A/H/Y and
E167A/H/Y point mutants. b) Light induced GIRK currents for UVLamP E99A/H/Y and

E167A/H/Y point mutants.



Table S1. Sequence identity and similarity of parapinopsin and bovine rhodopsin. Data are

given in %.
% All No Ter | H1-8 H1 |H2 |H3 |H4 |H5 |H6 |H7 | H8
Identity 39 41 42 23 |43 |46 |33 |35 |56 |60 |55
Similarity 66 67 70 58 (60 |71 |71 |62 |81 |90 |73
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Figure S2. Parapinopsin model construction. Sequence alignment of parapinopsin with bovine
rhodopsin [23.. The residues within 5 A distance around the retinal are marked red and between
5 to 10 A are purple. The predicted helices are highlighted in green and the helical residues
of the X-ray structures in light red.
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Figure S3. Secondary structure prediction of parapinopsin. The top illustrates the secondary
structure prediction results for parapinopsin and the bottom represents the results of the
rosetta secondary structure prediction for the same template. All results were merged and
included as restrains in the calculation of the homology model. The helical area of the bovine
rhodopsin crystal structure (PDB-ID 1u19 [2%) is colored in light red.
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Figure S4. Sequence alignment of Gay,.. Shown is the sequence alignment between Ga; rat
(PDB-ID: 1GP2 B3l)and Ga, human (UNIPROT-ID: P09471).
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Figure S6. Sequence alignment of Gy. The sequence alignment between Gy2 bovine (PDB-
ID 1GP2 B31) and Gy2 human (UNIPROT-ID: P59768) is represented.
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Figure S7. RMSD of the MM simulations based on our constructed models. Shown is the
RMSD of the Ca-atoms of the equilibration MM simulations for parapinopsin (black) and
melanopsin (light gray). All illustrated RMSDs are stable.
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