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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 Gi/o 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 Gi/o pathway,
allowing for combinatorial use with multiple optogenetic tools
or sensors. Because UVLamP activated Gi/o 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.[1] 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.[2] 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 type I (microbial) and type II

(animal) opsins with type I opsins being employed by prokar-
yotes, fungi and algae and type II opsins being found in ani-

mals.[3] Type II 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).[4] 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.[3, 5] Interestingly, in the dark state structure of both ver-
tebrates[6] and invertebrates[6] 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.[7]

Here we biophysically characterized the Japanese lamprey
(Lethenteron camtschaticum) parapinopsin, a natively Gt-cou-

pled, UV-sensitive, vertebrate nonvisual type II opsin. We reveal
its capability to control the Gi/o 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 Gi/o 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 Gi/o pathway and therefore represent

major drug targets of the pharmaceutical industry.[8] 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.[9]

Parapinopsin homologues have been found in the pineal

organ and its related organs of lower vertebrates.[10] They have

been found to couple to the Gt 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.[11, 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 Gi/o and Gq pathway

in different expression systems like the mouse brain.[13, 14] 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 Gi/o and the Gq

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-

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,[11, 12] thus suggesting the activation of the Gi/o

pathway. Therefore, we characterized the light-dependent re-
sponses on Gi/o-mediated activation and deactivation of GIRK
currents, using HEK 293 cells that stably express G protein-cou-

pled inwardly rectifying K+ (GIRK) channels,[15] which has been
shown to be an ideal system for precise characterization of
light-induced Gi/o pathway activation and deactivation[13, 15–17]

GIRK channels are modulated through the Gi/o pathway via fast

direct interaction with G protein bg-subunits leading to the hy-
perpolarization of the cell membrane in brain and heart.[16] We

found that, like other Gt coupled photoreceptors derived from

rods and cones, UVLamP effectively activates Gi/o-mediated
GIRK channels. UVLamP induces sustained Gi/o-dependent GIRK

currents (Figures 1 and 3 A) through a 100 ms UV light pulse
(360 nm, 0.5 mW m@2) that can be completely deactivated with

another 100 ms blue light pulse (470 nm, 0.5 mW m@2 ; Fig-
ure 1 A). 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.[13] 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.[18] 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 1 B). Additionally,

UVLamP can be repetitively activated with minimal decline in

response amplitude (Figure 1 D).
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 Gi/o 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[14] as outlined under Model
construction and Model validation in the Supporting Informa-

tion. The X-ray structure of bovine rhodopsin (PDB ID: 1U19)[19]

served as a basis to build parapinopsin. The X-ray structures of

the heterotrimeric Gi/o protein with PDB IDs 1GP2[20] and
1BOF[21] 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 2 A was then
used to initiate a 475 ns molecular mechanics (MM) simulation.
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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-

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 2 B,C. Inter-

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 Gi/o-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.

Figure 2. In silico characterization of parapinopsin in comparison with melanopsin. a) Simulation system of a membrane inserted solvated parapinopsin
(green) Gi/o protein complex. Illustrated 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.
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estingly, the models show that despite their high identity
within the retinal binding pocket the key binding partner of

the retinal SB is different. In parapinopsin a glutamate (E99
(E113 for bovine rhodopsin)) interacts with the SB in the dark

state, in contrast to melanopsin where it is a tyrosine (Y145
(E113 for bovine rhodopsin)). Within both proteins the E99 or

Y145 interact with the SB over the whole simulation trajectory
which indicates very strong binding. This is of particular inter-

est because for other bistable vertebrate opsins except for en-

cephalopsin,[22] position 99 (113 for bovine rhodopsin) is typi-
cally occupied by neutral amino acid residues such as Y, F, M.
Yet, parapinopsin employs glutamate at both positions 99 (113
for bovine rhodopsin) and 167 (181 for bovine rhodopsin) sim-
ilar to monostable pigments like bovine rhodopsin.[3, 10, 23]

To identify the counterion, we created and electrophysiologi-

cally characterized mutations of the potential counterion sites

at position E99 (E113 for bovine rhodopsin) and position E167
(E181 for bovine rhodopsin; Figure S1). Point mutations at

both positions (E99A/H/Y, E167A/H/Y) showed that altering/
removing the potential counterion at position E99 does not

interfere with UVLamP functionality, whereas alterations at po-
sition E167 completely abolished its functionality (Figure S1).

That E99 does not impact parapinopsin function is in contrast

to melanopsin, where the mutation of the E99 analogue Y145
is functionally important. Mutation of Y145, despite not being

a potential counterion, led to a total loss of melanopsin func-
tion,[24] while for encephalopsin the functional relevance of its

analogous aspartate is still unknown.[12] The parapinopsin re-
sults show that E167 is the sole counterion for the photoprod-

uct of UVLamP.[10] Thus, comparable with mouse melanopsin,

the Japanese lamprey parapinopsin (UVLamP), despite belong-
ing to the group of vertebrate opsins, still uses the ancestral

invertebrate opsin counterion.
In conclusion, our electrophysiological data show that para-

pinopsin is bistable. Parapinopsin uses E167 (E181 for bovine
rhodopsin) as a sole counterion, at least for the photoproduct,

with mutations at position E99 having no impact on parapi-

nopsin functionality. Complementary analysis of the contact
network (Figure 2) within biomolecular simulations shows that

E99 is strongly bound to the SB in the dark state. Therefore,
our data imply that critical interaction of the amino acid resi-

due at this position, in contrast to melanopsin, cannot be of
relevance for parapinopsin bistability or functionality.

We further characterized the properties of light-induced Gi/o

signaling via UVLamP in detail in vitro and found that its light-

induced activation and deactivation time constants with 1.15 s
for activation and 4.95 s for deactivation (Figure 3 A). These

time constants are even faster than those of wild-type mouse
melanopsin (&1.4 and &8.5 s, respectively[13]) and comparable
with the recently engineered Y211F mutant.[14] We next investi-

gated the minimal light pulse duration for activation and deac-
tivation of GIRK channels using UVLamP. We found that 100 ms
light pulses (360/470 nm) are sufficient for full activation and
deactivation efficiency with half-maximal (de-)activation al-
ready occurring at 30 ms (Figure 3 B), outperforming other
GPCR-based optogenetic tools. Also optogenetically beneficial

is the very high light sensitivity of UVLamP (Figure 3 C), which
reaches maximal activation and deactivation by 100 ms light
pulses at intensities of 0.7 mW m@2 with half-maximal activation

already occurring at 0.1 mW m@2.
We next investigated the pathway specificity of UVLamP to

verify its use as a Gi/o specific optogenetic probe. Three main
GPCR pathways are distinguished, that is, Gi/o, Gq11/12/13 and

Gs.
[25] We monitored the Gq/11 pathway by observing Gq/11-in-

duced rise in intracellular Ca2+ using co-expression of geneti-
cally encoded calcium indicators (GECIs) in HEK tsA 201 cells[26]

and compared mouse melanopsin with UVLamP (GCamP6m
and jRCaMP1b, respectively). We found that blue light stimula-

tion of mouse melanopsin induces a fast rising sustained Ca2 +

signal, again confirming its capability of modulating the Gq/11

pathway,[13] whereas UV light stimulation of UVLamP does not

lead to a change in intracellular Ca2+ (Figure 4 A). We also
looked at the Gs pathway via Gs-induced rise in intracellular

cAMP[27] using co-expression of a red fluorescent protein-based
cAMP indicator (Pink Flamindo).[28] We found that UV (or blue)

light stimulation of UVLamP did not lead to a rise in intracellu-
lar cAMP, whereas direct stimulation of the cAMP producing

adenylyl cyclase via Forskolin[29] lead to a fast cAMP increase

(Figure 4 B), that is blocked by activation of UVLamP following
compound washout (Figure S8). These results suggest that

UVLamP exclusively modulates the Gi/o but not the Gq or Gs

pathway.

Figure 3. a) Comparison of UV-light-induced activation (ton), unstimulated dark-adapted inactivation (toff) and blue-light-induced deactivation (tdeact) 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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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 Gi/o 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.[30]) 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 Gi/o 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.[31] Thus, UVLamP enables new minimally invasive
experimental procedures to elucidate GPCR (dis-)function in
health and disease.

Because GPCRs coupling to the Gi/o pathway are important
drug targets for various diseases including anxiety, depression,

epilepsy and pain and importantly contribute to synaptic plas-
ticity and neuronal development,[32] 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

lasting or sustained signals contribute to brain function and
change during disease states.[14, 33]
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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 [1]. The Japanese 
lamprey parapinopsin (Lethenteron camtschaticum, GenBank accession number: 
AB116380.1, as submitted to GenBank in 2003 [2]) 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 [3]. The mouse melanopsin control plasmid was generated accordingly 
exchanging the eGFP for an mCherry fluorescence tag, as described in our previous 
publication [4]. The green and red Ca2+ sensors GCaMP6m and jRCaMP1b as well as the red 
cAMP indicator Pink Flamindo were used unmodified as described in their respective 
publications [5]. 
 
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 l-1D-glucose, 
supplemented with 10% fetal bovine serum (Gibco) and penicillin/streptomycin in a humidified 
incubator under 5% CO2. 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 µM. To image Ca2+ signals in HEK tsA201cells via GCaMP6m 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. Ca2+ 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 jRCaMP1b 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 µM) 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 ImageJ 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 [6]). The external solution was as follows: 20 mM NaCl, 120 mM KCl, 2 mM 
CaCl2, 1 mM MgCl2, 10 mM HEPES-KOH, pH 7.3 (KOH). Patch pipettes (2–5 MΩ) were filled 
with internal solution: 100 mM potassium aspartate, 40 mM KCl, 5 mM MgATP, 10 mM 
HEPES-KOH, 5 mM NaCl, 2 mM EGTA, 2 mM MgCl2, 0.01 mM GTP, pH 7.3 (KOH). Cells 
were recorded in external solution containing 1µM 9-cis retinal (Sigma). The high affinity GIRK 
channel blocker Tertiapin-Q (Tocris, 1 µM) 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/mm² light pulses for activation 
and 100 ms, 470 nm, 0.7 mW/mm²   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 [7].  Structure preparation included dihedral-, angle-, 
and bond corrections according to the united atom Amber84 force field [8]. MM simulations 
were performed according to our previous publications [9,10]. We used the OPLS/AA all atom 
force field and GROMACS version (2019.3) [11]. All Systems were initially solvated following 
the Vedani-type [12] and thoroughly solvated in a cubic simulation cell with TIP4P water [13] and 
154 mM NaCl. Membrane insertion was performed by using lambada [14] (to calculate a 
hydrophobic belt) and g_membed [14] (to embed the protein in the membrane).  
  
Model construction software 
The VMD [15] plugin QwikMD [16] was used to set up and conduct interactive molecular 
dynamics (iMD) simulations and molecular dynamics flexible fitting (MDFF) runs employing 
NAMD [17] with the CHARMM36 force field [18]. We also used Rosetta [19–21] for ab initio structure 
prediction. Modeller [22] 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 [10] 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) [23]. 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 [19–21], structure prediction meta server like constrained consensus topology prediction 
server (CCTOP) [24] and the Bioinformatics Toolkit [25], as well as homology modeling server 
like Swiss Model [26] and Lomets [27]. 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 [29]), the Beta-2 adrenergic receptor (PDB-ID 3SN6 [30]), 
the Bos taurus Rhodopsin (PDB-ID 3DQB [31]), and the Squid rhodopsin (PDB-ID 2Z73 [32]). 
The X-ray structure of the heterotrimeric Gi protein (PDB-ID 1gp2 [33]) from rat served as basis 
to construct human GDP bound Gαo. As it was shown that the GDP bound state of Gαi has an 



Mg2+ bound to GDP we added the Mg2+ including the three coordinating water molecules and 
replaced the side chain of Ser47 and the loop from residue number 176 to 183 including the 
Mg2+ coordinating Thr181 using the X-ray structure of the isolated Gα subunit with bound Mg2+ 
(PDB-ID 1bof [34]). Then, the resulting rat Gi protein with bound GDP and Mg2+ was used as 
template to build the homology model of human Go protein employing SCWRL 4.0 [35]. 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 β2AR crystal structure (PDB-
ID 3SN6 [30]). The parapinopsin model was aligned with β2AR and our G protein model with 
the one of the X-ray structure. As helix 5 and 6 from parapinopsin clash with the Gα subunit 
we used QwikMD [16] to run an interactive molecular dynamics simulation using NAMD [17] 
through VMD [15] to move these two helices outwards. We assume that the overall shape 
between the β2AR 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 
β2AR using molecular dynamics flexible fitting (MDFF) simulations [36]. The X-ray structure of 
β2AR (PDB-ID 3SN6 [30]) was converted into a volumetric density using volutiles of VMD [15]. 
QwikMD [16] was used to set up and conduct MDFF runs employing NAMD [17] with the 
CHARMM36 force field [18]. We constructed the melanopsin Go protein complex following the 
same strategy as described for parapinopsin. We used the uncomplexed melanopsin model 
from Tennigkeit et al. [10] and the same GDP bound G protein as used for parapinopsin. 
Within the iterative process that involves Monte Carlo based (Rosetta) [19–21] and MD based 
structure optimization (Moby-program package (H. Höweler, MAXIMOBY, CHEOPS, 
Altenberge, Germany, 2007)) the final model of parapinopsin in complex with human Go 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 
[11]) 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 Gi and human Go 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 Go protein complex and the melanopsin Gi 
protein complex. This convergency reflects that both simulation systems have reached a 
stable conformation. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Table and Figures 
 
 

 
 
Figure S1. 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 

  



 

Figure S2. Parapinopsin model construction. Sequence alignment of parapinopsin with bovine 
rhodopsin [23]. The residues within 5 Å distance around the retinal are marked red and between 
5 to 10 Å are purple. The predicted helices are highlighted in green and the helical residues 
of the X-ray structures in light red.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

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 [23]) is colored in light red. 

 
 
 
 
 
 
 
 
 
 
 
 



 

Figure S4. Sequence alignment of Gαi/o. Shown is the sequence alignment between Gαi rat 
(PDB-ID: 1GP2 [33])and Gαo human (UNIPROT-ID: P09471). 

 
 
 
 
 
 
 
 
 
 



 

Figure S5. Sequence alignment of Gβ. Shown is the sequence alignment between Gβ1 
bovine (PDB-ID 1GP2 [33]) and Gβ1 human (UNIPROT-ID: P62873). 

 
 
 
 
 
 
 
 
 
 
 



 

Figure S6. Sequence alignment of Gγ. The sequence alignment between Gγ2 bovine (PDB-
ID 1GP2 [33]) and Gγ2 human (UNIPROT-ID: P59768) is represented. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Figure S7. RMSD of the MM simulations based on our constructed models. Shown is the 
RMSD of the Cα-atoms of the equilibration MM simulations for parapinopsin (black) and 
melanopsin (light gray). All illustrated RMSDs are stable. 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S8. Light induced blockage of Gs mediated intracellular cAMP increase in HEK tsA201 

cells for UVLamP (UVLaMP + Pink Flamindo) vs. Control (Pink Flamindo). Cells were 
stimulated with Forskolin/UV light and compound was washed out as indicated. 
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