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Chimeric Opsin GPCR Proteins

Technical Field

The present invention lies in the field of
optogenetics and introduces further light sensitive
chimeric opsin GPCR proteins. In particular, it relates
to chimeric GPCR proteins comprising a light sensitive
opsin and a further GPCR protein and the nucleic acid
molecules encoding them as well as methods of engineering
such nucleic acid molecules. The invention further
relates to a capsids, vectors and particles comprising
the chimeric opsin GPCRs or the nucleic acid molecules
encoding it as well as to therapeutic applications, e.g.
to medicaments and methods of gene therapy, based on
light activation and coupling into a deliberately
selected signaling cascade of the chimeric opsin GPCR
proteins. The invention relates in particular to opsin-
mGluR6 chimeric proteins and their use for gene
therapeutic treatment of human or animal patients
suffering from loss of vision due to photoreceptor

degeneration.

Background Art

About one in 3000 people suffer from a
genetic mutation that results in photoreceptor
degeneration and blindness. Despite photoreceptor loss,
the downstream retinal neurons remain largely intact.
Recent studies showed that light sensitivity and
functional vision can be restored if light-activatable
proteins are introduced directly to the surviving retinal

tissue after photoreceptor loss (Lagali P.S. et al.,
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2008; van Wyk M et al., 2015; Cehajic-Kapetanovic J. et
al. 2015).

WO 2012/174674 discloses chimeric light
sensitive G-protein coupled receptor (GPCR) proteins
comprising intracellular domains of mGluR6. One such
chimeric GPCR protein comprises the light sensitive GPCR
melanopsin and IL2, IL3 and the CT of mGluR6 and is also
referred to as Opto-mGluR6 (van Wyk M et al., 2015).
Advantageously, Opto-mGluR6 proteins are light-
activatable versions of the endogenous mGluR6é receptor
and are therefore capable to couple light activation into
the mGluR6 specific intracellular signaling cascade by
activating a Galpha(o) G-protein, the native mGluRé6
protein that is resident exclusively in the targeted ON-
bipolar cells.

GPCRs are primary targets of the
pharmaceutical industry (Sriram P. et al, 2018). The
prior art comprises other approaches to enable optical
activation of target-GPCR specific G-protein signaling
cascades, as reviewed e.g. in Optogenetic user’s guide to
Opto-GPCRs (Kleinlogel S., 2016) or as e.g. applied with
a chimeric rhodopsin MOPR opioid receptor protein termed
opto MOR for a spatiotemporal control of opioid signaling
and behavior (Siuda et al. 2015).

Thus, functionally active chimeric opsin GPCR
proteins provide for dual functions: First, they are
light activatable, i.e. they are light sensitive due to
their light-sensitive opsin portion. Second, they couple
light activation into the GPCR signaling pathway of the
target GPCR protein.

GPCR proteins (G-protein-coupled receptor
proteins; in short GPCRs) represent the largest
superfamily of receptors in the human genome and are
divided into five families (or classes) according to the
GRAFS system of phylogenetic classification based on
sequence homology and functional similarity (Schidth,
H.B. and Fredriksson R, 2005).
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Class A is the largest and best understood
family of the GPCR proteins. It is also named rhodopsin
family after its “prototype”.

GPCRs of all families share a highly
conserved tertiary structure and a similar mode of
activation: All GPCRs comprise seven transmembrane
domains (TM1 to TM7) connected by three extra- and three
intracellular loops (ELs and ILs) of various lengths and
an extracellular N-terminal domain (NT) and an
intracellular C-terminal domain (CT).

Furthermore, most class A GPCRs and many or
even the majority of GPCR proteins also of the other GPCR
classes and in particular also of class C GPCRs comprise
in addition to the seven transmembrane helices (TM1 to
TM7) a helix eight (H8) downstream of TM7 (Bruno et al,
2012). H8 is a subdomain of the CT in the proximal region
of the CT of GPCRs and not a transmembrane helix. Rather,
H8 lies parallel and adjacent to the cytoplasmic surface
of the cell membrane and is therefore sometimes referred
to as an amphoteric helix.

GPCR receptor proteins physiologically
interact with heterotrimeric G-proteins consisting of
three functional subunits, namely a G-alpha, a G-beta and
a G-gamma subunit. G proteins have been classified into
four subfamilies, namely, Gs, Gi/o, Gg/ll, and G12/13,
based on the structural similarity of their alpha
subunits and on the type of modulatory response they
induce. Each GPCR preferentially couples to one subfamily
of G proteins, thus stimulating preferentially one
signaling cascade. Structural interaction between GPCR
receptors and G-proteins have been subject of many
studies as e.g. summarized by Moreira I, 2014. The four
major classes of G-proteins are themselves divided into
subclasses. For example mGluR6 in its activated stage
binds to Galpha (o) which is a subclass of Galpha(i/o).

Exemplary endogencus G proteins present in

the physiological cellular environment of exemplary
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parent opsins are G(alpha)g for melanopsin, G(alpha)t for
cone opsins and G(alpha)s for jellyfish opsin.

Remarkably, the members of any GPCR family
despite their similar three dimensional structure exhibit
virtually no sequence similarity to those of other
families (Kleinlogel, 2016) with the exception of a few
conserved amino acids and short motifs identified by
structural alignment of the three major GPCR classes A, B
and C that are important for function, signal
transduction and 3D conformational stability (Schwartz et
al. 2006, Nygaard et al. 2013).

In the past decade, domains have been
exchanged between two GPCRs, in particular between light-
activated opsin-GPCRs and ligand-activated non-opsin GPCR
proteins providing a few examples of functionally active
chimeric GPCR proteins. These chimeric GPCRs are
activated by a ligand or in particular by light, which is
characteristic of a first GPCR protein, and which couple
this signal activation to a second GPCR protein by
binding to a Galpha protein that is characteristic of the
second GPCR protein (Kleinlogel, 2016; Morri et al.,
2018; Siuda et al., 2015). Such exchange of domains,
despite the lack of sequence similarity, is rendered
possible by sequence alignment of GPCR proteins and
domain identification using the conserved motifs
described below as landmarks.

Some of the above- mentioned highly conserved
amino acids and short motifs are located at a junction
between an intracellular and a transmembrane domain, in
particular:

— a highly conserved E{(D)RY (SEQ ID NO 80) motif at the
junction (c) between TM3 and IL2,

— a glutamate residue (E) at the junction (f) between
IL3 and TM6,

which together form an “ionic lock” between TM3 and TM6

that stabilizes the inactive state of GPCRs;
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— a NPxxY motif (SEQ ID NO 81) at the junction (g)
between TM7 and the proximal end of the CT, in
particular between TM7 and a proximal end of a helix 8
(H8) .

Both, the ionic lock between TM3 and TM6
formed by the E(D)RY site at the junction of TM3 and IL2
and the glutamate residue at the junction of IL3 and TM6
and the NPxxY motif at the end of TM7 provide important
structural constraints which rearrange in response to a
signal, e.g. upon photoisomerization of retinal by light
activation or upon ligand binding, thereby forming an
activated conformation of GPCR proteins (Fritze et al.
2003) .

An NR(K)Q (e.g. HPK or HEP) seqguence (SEQ ID
NO 82) 1s a further highly conserved motif at the
proximal end of H8 in the proximal region of the CT of
most GPCRs , in particular of class A and class C GPCRs.
The NR(K)Q motif and the proximal region of the CT that
often comprises an H8 appear to be relevant for a
conformational switch of GPCR proteins upon activation,
i.e. triggered by ligand binding or in case of opsins by
light absorption. Furthermore, the NR(K)Q motif and the
proximal region of the CT are considered important for
arrestin binding to control the GPCRs activity (e.g. Sato
T, 2019).

The chimeric opsin GPCR proteins exhibit the
highly conserved tertiary structure of GPCR receptor
proteins comprising seven transmembrane domains and
comprising the highly conserved motifs such as in
particular the E(D)RY motif at a distal end of TM3 and
the NPxxY motif at a distal end of TM7.

Further partially conserved structural
elements and motifs include:

- One or two palmitoylation sites which directly follow

H8 in distal direction and correspond to C322 and C323 of

bovine rhodopsin (Ovchinnikov Yu A, 1988). The covalent

modification of amino acid residues connected to a
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palmitic acid results in an anchor of the distal end of

H8 to the membrane. In most opsins, a cysteine residue at

the distal end of H8 is palmitoylated. The palmitoylation

of amino acid residues at the distal end of H8 is
considered to be mainly involved in GPCR membrane
localization, lipid raft recruitment and protein
stabilization. Some exceptional opsins, e.g. the cone
opsins OPNIMW and OPNILW do not comprise a palmitoylated
amino acid at the distal end of HS8.

- Phosphorylation sites in the C-terminus which are

generally located beyond the palmitoylation site in

distal direction. Phosphorylation sites typically refer
to phosphorylated serine or threonine or sometimes

tyrosine residues. Phosphorylation sites are involved in
the desensitization and internalization for turn-over of

a GPCR receptor. They also determine the binding

preferences of activity regulatcrs such as in particular

G protein-coupled receptor kinase (GRK) and arrestin,

which influence the kinetics of the G-protein signaling.

For example, melanopsin has a particularly long C-

terminus with multiple phosphorylation sites and in

particular some distal phosphorylation sites have been

shown to render cessation of signaling slow (cf. Mure L.

et al, 2016) in favor of the temporally integrative

physiological function of this opsin entraining the
circadian clock.
Opsins comprise further conserved motifs. In

particular, there are two conserved motifs present in a

chromophore pocket for covalently binding a chromophore.

The chromophore of all animal opsins is ll-cis-retinal.

There are two highly conserved motifs in the chromophore

pocket:

— a conserved lysine (K) in TM7 that is covalently
linked to the chromophore 1l-cis-retinal via a Schiff
base,

— a negative counter-ion (E) in TM3 that stabilizes the

Schiff base binding of ll-cis-retinal.
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In other words, the chromophore pocket
comprises a Schiff base, a lysine residue in TM7, which
covalently binds a chromopheore and it further comprises a
negative counter-ion in TM3.

There is still a need for further light
sensitive chimeric GPCR proteins that are genetically
engineered to exhibit particularly favorable properties
for their use in medical therapy, such as for restoration
and modulation of physiological function or regulation of
GPCR receptor activity. Particularly favorable properties
include e.g. conformational stability, physiologically
suitable kinetic properties, significant magnitude of the
response and efficient intracellular trafficking to the
physiological localization of the target GPCR.

There is also still a need for light
sensitive opsin GPCR chimera comprising further target
GPCRs for further medical applications. Non-limiting
examples of desired therapeutic targets for light-
activatable GPCR receptor proteins in further medical
applications include e.g. treatment of pain, heart
failure, anxiety or color vision.

Furthermore, there is still a need for
further guidance in the design of functionally active
chimeric light sensitive opsin GPCR proteins obtainable
by genetic engineering. Simple and efficient genetic
engineering methods yielding light sensitive opsin GPCR
proteins are still desired not only for physiological
restoration of degenerated photoreceptors by gene therapy
but also for manipulation of the activity of other target
GPCR proteins which may be suitable for further

applications.

Summary of the Invention

Hence, it is a general object of the inven-
tion to meet such needs as mentioned above and provide
chimeric GPCR proteins between an opsin and a further

GPCR protein, termed target GPCR protein.
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It is a particular object of the invention to
provide further chimeric opsin mGluR6 proteins exhibiting
one or more particularly favorable property for their use
in gene therapy for patients with partial or complete
loss of vision, e.g. due to a lack or an insufficiency of
light sensitive signaling activity provided by their
natural photoreceptors.

It is a particular object of the invention to
engineer chimeric opsin GPCR proteins with one or more
particular favorable property including e.g. efficient
expression in their target cells, such as e.g. efficient
expression of opsin-mGluR6 chimera in ON bipolar cells;
their efficient and specific intracellular sorting in
their target cell, such as e.g. dendritic trafficking of
opsin-mGluR6 chimera into the mGluR6 signalosome in ON
bipolar cells; efficient coupling into the native GPCR G-
protein signaling pathway of the target cell, such as
e.g. coupling to Goo in bipolar cells; exhibiting
conformational stability, capability of generating
physiological output with physioclogical kinetics and low
desensitization.

It is a further object of the invention to
provide a simple principle of chimeric opsin-GPCR design
applicable to any target GPCR to enable light activation
of the target-GPCR specific G-protein signaling cascade.
This object addresses the need of a simple method for
designing and genetically engineering chimeric opsin GPCR
proteins in particular for their use in physiological
manipulation of cells or in gene therapy or in other
medical and pharmacological applications.

It is a further object of the invention to
modulate a selected cellular response by a chimeric opsin
GPCR in particular also for use in optogenetic
therapeutics allowing to re-establish or improve a
therapeutic GPCRs signaling pathway with unparalleled
specificity, that is not achieved with current

pharmaceuticals.
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Non-limiting examples of this object of the
invention include providing further chimeric opsin GPCRs
such as e.g. chimeric opsin opioid receptor GPCRs,
chimeric opsin hydroxytryptamine receptor (HT) GPCRs,
chimeric GABA(B) receptors, and chimeric opsin beta
adrenergic receptor GPCR proteins for use as a
medicament.

The objects of the invention accordingly
further include providing genetically engineered nucleic
acid molecules encoding the designed chimeric opsin GPCR
proteins, methods of genetically engineering and
expressing nucleic acid molecules comprising fusion genes
encoding the chimeric opsin GPCR proteins as well as
medical, in particular, gene therapeutic products and
methods based on the chimeric opsin GPCR proteins or
nucleic acids molecules encoding them, respectively.

In order to implement these and still further
objects of the invention, which will become more readily
apparent as the description proceeds, the chimeric opsin
GPCR protein and aspects of the invention related to it
are manifested by the features described below.

In a first aspect of the invention a chimeric
opsin GPCR protein is provided:

The chimeric opsin GPCR protein comprises
seven transmembrane domains (TM1 to TM7) connected by
extra- and intracellular loops (ELs and ILs) of various
lengths.

The chimeric opsin GPCR protein comprises a light
sensitive opsin portion of an upstream opsin and a second
GPCR portion termed target GPCR portion of a second GPCR
protein termed target GPCR protein.

The target GPCR portion comprises a C-terminal domain of
the target GPCR (target GPCR CT, or shorter target CT).
The upstream opsin portion comprises a chromophore pocket
covalently binding a chromophore.

The upstream opsin portion further comprises a truncated

C-terminal domain. This truncated CT of the upstream
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opsin has a truncation site positioned at or downstream
of a distal end of a proximal region of the upstream
opsin CT (O-CT-proximal region).

This O-CT-proximal region comprises a NR(K)Q motif and
the following 7 to 13 amino acids in distal direction
whereby said chimeric opsin GPCR protein comprises a
chimeric C-terminal domain (chimeric CT).

The target-GPCR-CT is positioned deownstream of the
truncated opsin CT.

As further detailed below, the proximal
region of the CT of most opsins comprises a subdomain
termed helix 8 (H8) beginning with the NR(K)Q motif and
ending at an amino acid position approx. 7 to 13 amino
acids downstream of it. Recently, the potentially
important role of H8 in G-protein binding and activity
modulation has been indicated by structural data (Ahn et
al., 2010, Sato, 2019, Tsai, et al., 2018). On the other
hand G-protein binding specificity is modulated by more
distal regions of the CT, as the inventors found. H8 is
often anchored at its distal end by one or multiple
palmitoylation sites into the cytoplasmic membrane. The
distal end of the 0-CT-proximal region may be positioned
at any amino acid position of approx. 10 amino acids,
i.e. between 7 to 13 or 8 to 12 or 9 to 11 amino acids,
downstream of the distal end of the NR(K)Q motif. In the
literature, HB8 is sometimes regarded as an additional
GPCR domain positioned between the TM7 and the CT demains
and sometimes it is regarded as a subdomain of the CT. In
this text, HB8 is referred to as a subdomain of the CT.

Accordingly, in some embodiments, the distal
end of the O-CT proximal region is positioned at a
position selected from the group comprising

- at a distal end of a helix 8 (HS8)
- at a palmitoylation site or
- at a position corresponding to a palmitoylation

site in bovine rhodopsin.



10

15

20

25

30

35

WO 2021/105509 PCT/EP2020/083960

11

The second GPCR protein is termed target GPCR
because the light activated chimeric opsin GPCR no longer
couples its activation into the natural opsin signaling
pathway but instead into the signaling pathway of a
deliberately selected target GPCR that is used for the
design and construction of the chimeric opsin GPCR by
genetic engineering.

It is the inventor’s unexpected finding that
a C-terminal domain comprising the proximal region of the
upstream opsin CT (O-CT-proximal region) together with
the CT of a target GPCR (target-CT) suffices to
efficiently couple light activation of the chimeric opsin
GPCR protein to the signaling cascade of the target GPCR.
This relates in particular, to subcellular trafficking,
response kinetics, G-protein binding specificity and
interaction with intracellular binding partners of the
chimeric opsin GPCR which mimics the corresponding
characteristics of the target GPCR protein.

This was first observed with chimeric opsin
GPCRs comprising an upstream opsin that was truncated at
a palmitolytion site at the distal end of the 0-CT-
proximal region and spliced together with the target CT.

It is indeed a striking surprise that
chimeric opsin GPCR proteins comprising the truncated
upstream CT and the target CT, i.e. comprising a chimeric
CT, achieve coupling into the signaling pathway of the
target GPCR even in the absence of any intracellular loop
of the target GPCR protein with a response that
corresponds to or excels the physioclogical response of
the native target GPCR protein. The truncated opsin CT
with the O-CT-proximal region embedded in it causes a
significant increase in the efficiency of G-protein
activation by the target CT.

The opsin GPCR proteins of the current
invention are designed to comprise the 0-CT-proximal
region to enhance light-activated G-protein activation.

On the other hand, they are designed to not include the
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entire CT of the upstream opsin. Instead, regions of the
upstream opsin CT that are located distal to the O-CT-
proximal region and that are involved in subcellular
trafficking, kinetic regulation and - as shown in this
invention - G-protein specificity, are excluded from the
chimeric opsin GPCR. In other words, only the target GPCR
portion of the chimeric opsin GPCR comprises C-terminal
regions that induce these physiological activities.
Thereby, interference by molecular information derived
from the upstream opsin CT with those of the target GPCR
CT are avoided and thus, G-protein specificity,
specificity of the subcellular localization, and kinetic
regulation pertaining to the target GPCR are enhanced.
Thus, the chimeric opsin GPCR proteins, upon light-
activation, mimic the response of the target GPCR and
light activation is efficiently coupled to the signaling
cascade of the target GPCR.

Intracellular loops of the target GPCR
protein may optionally be added to the chimeric opsin
GPCR of the invention but they are not required.
Accordingly, the present invention enables the genetic
engineering of light-activatable chimeric opsin GPCR
proteins - if so desired - with only one single gene
fusion site at the truncation site of the upstream opsin
CT spliced together with the proximal end of the target
CT.

Thus, the invention provides further opsin
GPCR chimeras requiring only minimal genetic engineering,
that express strongly and in the correct subcellular
compartment of target cells and efficiently activate the
native G-protein pathway of target cells eliciting a
response that mimics the physioclogical response of the
target GPCR.

Surprisingly, the chimeric opsin GPCR
proteins described here, even in the absence of all
intracellular loops emulate the physiological response

specific to the target GPCR compared to chimeric light
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sensitive GPCRs available in the prior art such as e.g.
opto-mGluR6 (van Wyk et al. 2015).

In some embodiments, the target GPCR protein
is a metabotropic glutamate receptor 6 (mGluR6). mGluRé6
is the endogencus GPCR protein in retinal ON bipolar
cells which in the healthy physiological visual signaling
cascade 1s activated by glutamate and couples its
activation to the visual signal cascade by binding to a
Galpha (o) protein. ON bipolar cells are retinal neurons
directly downstream of the physiological photoreceptor
cells in the wvisual signal cascade.

The first aspect of the invention further
relates to a chimeric C-terminal peptide comprising an O-
CT-proximal region and a target GPCR CT or a functional
variant thereof. In some embodiments of the chimeric C-
terminal peptide, such functional variant of the target
GPCR CT is a distal C-terminal fragment of the target
GPCR with a proximal end at the distal end of H8 or at
the palmitoylation site. In some embodiments of the
chimeric C-terminal peptide, the C-terminal fragment
additionally comprises H8 of the target GPCR CT.

A second aspect of the invention relates to a
nucleic acid molecule encoding the chimeric opsin GPCR
protein and the chimeric C-terminal peptide according to
the first aspect of the invention.

A third aspect of the invention relates to a
an AAV capsid for medical use of transfering the nucleic
acid molecule according to the second aspect encoding the
chimeric opsin GPCR according to the first aspect into a
target cell. The third aspect further relates to a
nucleic acid molecule encoding the capsid.

An independent invention relates to a novel,
rationally designed adeno-associated viral (AARV) capsid
for packaging and transport of a transgene to target
cells and to a nucleic acid molecule encoding the capsid.

The independent invention relates in particular to the
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transfer of the nucleic acid molecule encoding the
chimeric opsin GPCR into a target cell.

A fourth aspect of the invention relates to a
vector comprising a nucleic acid molecule according to
the second aspect of the invention encoding the chimeric
opsin GPCR protein or the chimeric C-terminal peptide
according to the first aspect of the invention.

A fifth aspect of the invention relates to
particles, in particular nano particles, vesicles, cells
- in particular excluding germ cells - and animals
comprising or expressing nucleic acid molecules according
to the second aspect, or vectors according to the third
aspect or comprising the chimeric opsin GPCR according to
the first aspect of the invention.

A sixth aspect of the invention relates to a
method of genetically engineering the nucleic acid
molecules of the second aspect encoding the chimeric
opsin GPCR proteins of the first aspect of the invention.

A seventh aspect of the invention relates to
the products related to the chimeric opsin GPCR proteins
according to the invention for medical use. In particular
the seventh aspect relates to chimeric opsin GPCR
proteins according to the first aspect, or a nucleic acid
molecule encoding said opsin GPCR protein according to
the second aspect or a capsid or a nucleic acid molecule
encoding said capsid both according to the third aspect,
or a vector according to the fourth aspect, or a
particle, vesicle or cell for use in medical therapy. The
seventh aspects further relates to medicaments and
methods of treatment of using the above mentioned
products based on the chimeric GPCR proteins according to
the invention.

Some embodiments of the above-mentioned
aspects of the invention relate in particular to chimeric
opsin mGluR6 proteins or chimeric opsin GPCRs comprising

two opsins and their use for gene therapy of patients
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suffering from partial or complete loss of vision, in

particular due to photoreceptor degeneration.

Brief Description of the Drawings

The invention will be better understood and

objects other than those set forth above will become ap-

parent when consideration is given to the following de-

tailed description thereof. Such description makes refer-

ence
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

to the annexed drawings:

1:
2
3:

10:

General structure of an opsin.

Scheme of an exemplary chimeric opsin GPCR.
Exemplary embodiment of a chimeric opsin
mGluR6.

Exemplary embodiments of chimeric opsin GPCRs
target to the cell membrane.

Exemplary embodiments of chimeric opsin
mGluR6 with a chimeric C-terminus increased
light-activated currents mediated by opsin-
mGluR6s as compared to the parent opsin.
Example of in vitro functional screening of
chimeric opsin GPCRs using HEK-GIRK cells.
Plate reader experiments probing for G-
protein re-targeting and pathway selectivity
of exemplary embodiments of chimeric opsin
GPCRs.

Correct in vivo trafficking into the ON-
bipolar cell dendrites and the mGluR6
signalosome of exemplary embodiments of
chimeric opsin-mGluR6 variants.

Exemplary embodiments of chimeric opsin-
mGIluR6 GPCRs render isolated ON-bipolar cells
directly light sensitive.

In vivo measurements of visual acuities of
blind mice that were treated by an ARV gene
therapy with exemplary embodiments of

chimeric opsin mGluR6 variants.
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Fig. 11: Ex vivo Light responses recorded from retinal
ganglion cells in blind rdl retinas treated
with exemplary embodiments of a chimeric
opsin-mGluR6.

Fig. 12: Micrograph of vertical cryosections through
the retinas from two blind rdl retinas after
an intravitreal gene therapy with an
exemplary embodiment of an AAV expressing an
exemplary embodiment of a chimeric cpsin-
mGluR6.

Fig. 13: Light-induced currents measured with the
whole-cell patch-clamp method of an exemplary
JSR1 (S186F)palm-beta2AR chimera expressed in
HEK293-GIRK cells.

Definitions and Detailed Description

Unless defined otherwise, all technical and
scientific terms used herein have the same meaning as
commonly understood by a person skilled in the art to
which this invention pertains. Otherwise, certain terms
used herein have the meanings as set forth in the
description below.

As used herein and in the claims, the
singular forms “a”, “an”, and “the” include plural forms
unless the context clearly dictates otherwise.

Unless otherwise indicated, the term “at
least” preceding a series of elements is to be understood
to refer to every element in the series.

In this text, the term “comprise” or
“comprising”, is defined to include a stated element or
step or group of elements or steps. In this text, the
term “comprise” or “comprising” does not generally
exclude any other element or step or group of elements or
steps. Furthermore, term “comprise” or “comprising” in
this text, also pertains to the exact statement of

element or step or group of elements or steps. Only in
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this latter case of the meaning of the term “comprise” or
“comprising”, it is in fact congruent with the term
“consisting of” that generally excludes any element,
step, or ingredient that is not specified in the claim.

A first aspect of the invention relates to
chimeric opsin GPCR proteins. The phrase “chimeric opsin
GPCR protein” comprising a light-sensitive upstream opsin
portion and a second GPCR portion (target-GPCR portion)
of a second GPCR protein refers to a light-sensitive
genetically engineered GPCR protein comprising a tertiary
structure that is a characteristic, conserved structure
among GPCR proteins as described above. The chimeric
opsin GPCR proteins - alternatively termed (chimeric)
opsin GPCR receptors or (chimeric) opsin GPCRs or
chimeric GPCRs - and the chimeric nucleic acid molecules
or chimeric (fusion) genes encoding them are obtainable
in particular by genetic engineering techniques known in
the art including e.g. cutting parent genes and ligation
of selected parent gene portions or e.g. synthesis of
nucleic acid molecules encoding the chimeric opsin GPCR
protein or fragments thereof. The upstream opsin portion
confers light sensitivity and activation upon exposure to
light to the chimeric GPCR receptor. The second GPCR
portion is termed target GPCR portion, because it
provides for coupling the light activation of the
chimeric opsin GPCR protein to the G-protein specific to
the physiological signal pathway of the target GPCR as
explained above. Exemplary target GPCRs include e.g. B-
adrenergic receptor, GABA(B) receptor, MOR, mu opioid
receptor, serotonine receptors such as 5-HT7, a second
opsin such as OPN1 and metabotrobic glutamate receptors
(mGluRs), such as mGluR6 or mGluR5.

In this text, the opsin and target GPCR from
which the chimeric opsin GPCR is derived are referred to
as parent GPCRs. Thus, e.g. a chimeric melanopsin mGluR6
protein accordingly is designed and engineered by using
portions of the parent GPCR melanopsin and of the parent
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mGluR6. As evident from the context, the term parent GPCR
refers to either the parent GPRC protein or the parent
GPCR gene or both.

In this text, the term GPCR protein refers to
a G-protein-coupled receptor protein.

In this text, the term “opsin” refers to the
light sensitive members of the Class A GPCR proteins, and
in particular it refers to physioclogical, natural opsins.
The term “opsin” in some embodiments may also include
functionally active, i.e. light sensitive opsins that are
variants of natural opsins that generally comprise the
conserved GPCR 3D structure and conserved motifs as
described further below. Such genetic opsin variants are
encoded by a nucleic acid molecule derived e.g. from a
mutated opsin gene or derived from a genetically
engineered, e.g. a chimeric opsin gene encoding a
functional, light-sensitive opsin.

Similarly, the term target GPCR generally
refers to a physioleogical, naturally occurring target
GPCR and in some embodiments refers to variants of
natural target GPCRs, such as variants of mGluR6, that
generally exhibit the above-mentioned conserved GPCR 3D
structure and conserved motifs and that are functional,
i.e. capable of efficiently coupling activation into the
signaling pathway of the target GPCR. Such variants of
target GPCRs are encoded by a nucleic acid molecule
derived e.g. from a mutated target GPCR gene or derived
from a genetically engineered, e.g. chimeric target GPCR
gene encoding a functionally active target GPCR protein.

Accordingly, in this text, the term domain or
subdomain in some embodiments may include besides
physiological natural domains of a GPCR protein a genetic
variant of a domain or subdomain, such as e.g. a mutated
or a genetically engineered, e.g. a chimeric or a
synthetic domain or subdomain which functionally mimics a

natural GPCR domain or subdomain.
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Each domain of the upstream opsin portion is
encoded by a gene fragment derived from a gene encoding
an upstream opsin (upstream opsin gene) or a genetic
variant thereof. Bach domain of the target GPCR portion
is encoded by a gene fragment derived from a target GPCR
gene or a genetic variant thereof. Together all the
domains of the chimeric opsin GPCR that are encoded by
upstream opsin gene fragments are referred to as the
upstream opsin portion and analogously together all the
domains or subdomains encoded by target GPCR gene
fragments are referred to as target GPCR portion. In some
embodiments, the upstream opsin portion and or the target
GPCR portion may be derived from one or more, in
particular from two or three parent genes.

Target GPCRs may be selected from any GPCR
class, 1in particular from classes A, B or C, more
particularly from class A or C. Exemplary target GPCRs of
class A include e.g. cone opsing, serotonin receptors
(e.g. 5-HT7), mu opioid or @-adrenergic receptor.
Exemplary target GPCRs of class B include e.g. the
glucagon receptor (GCGR)and other hormonal receptors.
Exemplary target GPCRs of class C include e.g.
metabotropic glutamate receptors (mGluRs, e.g. mGluR6,
mGluR5) or GABAp receptor).

There are six junctions forming the
transition between transmembrane and intracellular
domains of the GPCR proteins, and correspondingly between
the gene fragments encoding them, termed junction (a)
between TM1 and IL1, junction (b) between IL1 and TM2,
junction (c) between TM3 and IL2 and so forth up to
junction (g) between TM7 and CT as shown in Fig. 1.

Analogously, there are also six junctions
forming the transition between transmembrane and
extracellular domains of the GPCR proteins and the gene
fragments encoding them, termed junction (A’) between NT
and TM1, junction (B’) Dbetween TM2 and EL1, junction
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(C") between EL1 and TM3, and so forth up to junction
(G") between EL3 and TM7 as shown in Fig. 2.

In this text, the term “conserved motif” as
used commonly in the art is not restricted to a motif
consisting of the exactly same e.g. 3 to 5 amino acids
that are commeonly recited when referring to a specific
conserved motif. Rather, each of these conserved motifs
is named after a particularly frequent prototype sequence
representing several alternatives such as e.g. included
below in Table 1.

In addition, functional variants are
derivable of conserved motifs. For example, functional
variants of the E(D)RY motif (ERY and DRY) include DRIY
(SEQ ID NO 83), NRIY (SEQ ID NO 84) or NRY all of which
yield light-sensitive opsin-mGluR6 chimeric GPCRs (cf. WO
2012/174674) . Exemplary functional variants of conserved
motifs are also shown in Table 2 below.

Evidently, several conserved mcotifs occur at
or around junctions between TM domains and intracellular
domains, i.e. at or around the junctions between the
transmembrane helices (TM1 to TM7) and the intracellular
loops (IL1 to IL3) and the C~terminus (CT). However, not
all junctions necessarily comprise a highly conserved
motif.

In this text, the term NPxxY motif refers to
a conserved motif at a distal end of TM7, i.e. around the
TM7/CT junction of a GPCR protein, in particular of a
parent upstream opsin or of a parent target GPCR or of a
chimeric opsin GPCR, and is defined by fulfilling one or
more of the following criteria:

A) it is a sequence of 5 consecutive amino
acids of the sequence NPxxY, according to the one letter
code for amino acids wherein x corresponds to any amino
acid residue;

B) it is a sequence corresponding to the
NPxxY motif of a particular GPCR as is listed e.g.in
Table I below;
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C) it is a sequence of 5 amino acids that in
an alignment of the amino acid sequence of a parent GPCR,
in particular a parent upstream opsin, with the amino
acid sequence of bovine rhodopsin corresponds to the
sequence of N(302)PxxY(136) of bovine rhodopsin.

The NPxxY motif is present and identifiable
in all class A GPCRs and also in most other GPCRs albeit
exhibiting considerable sequence variation (cf. e.g.
Table 2 of Sato, 2019).

In this text, the term NR(K)Q motif refers to
a conserved motif in a proximal region of the CT a few
amino acids downstream of the NPxxY motif of a GPCR
protein, in particular of a parent upstream opsin or of a
parent target GPCR or of a chimeric opsin GPCR, and of
the opsin CT around the proximal end of H8 and is defined
by fulfilling one or both of the following criteria:

A) it is a sequence corresponding to the
NR(K)Q motif for a particular GPCR, in particular a
parent upstream opsin, that is listed in Table I or in
Davies et al. 2010;

B) it is a sequence of 3 to 4 consecutive
amino acids that in an alignment of the amino acid
sequence of a parent GPCR, in particular a parent
upstream opsin, with the amino acid sequence of bovine
rhodopsin corresponds to the sequence of N(310)KQ(312) of
bovine rhodopsin.

The NR(K)Q motif is present and identifiable
in all class A GPCRs and also in most other GPCRs. In
particular, the NR(K)Q motif corresponds to a sequence of
3 to 4 consecutive amino acids that is identifiable by
sequence alignment with bovine rhodopsin, albeit
exhibiting considerable sequence variation. The NR(K)Q
motif includes such sequences as HPK or HPE or HKQ or HPR
or IRK or DYK and others (Davies W. et al., 2010).

In this text, the terms “palmitoylation site”
and “amino acid position corresponding to a

palmitoylation site” (the latter is alsc named
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palmitoylation site for short) is defined by fulfilling

one or more of the following criteria A, B, C and D. In

particular, the term palmitoylation site fulfills one
criterion, e.g. A, or it fulfills the two criteria B and

C or B and D or C and D or the three criteria B, C and D.

The criteria A to D are:

A) it is a palmitoylated amino acid residue in the CT of
a parent GPCR, in particular a parent opsin;

B) it is a palmitoylatable amino acid residue in the CT
of a parent GPCR, in particular the parent opsin,
positioned at least 7 amino acids, in particular at
least 8 or 9 or 10 or 11 or 12 or 13 amino acids,
downstream of the distal end of the NR(K)Q motif of
the opsin selected from the amino acids cysteine (C),
serine (S8), threonine (T), tyrosine (Y) or tryptophan
(W) ;

C) it is an amino acid residue in the CT of a parent
GPCR, in particular the parent opsin, positioned
between 7 and 13 amino acid residues, in particular
between 8 and 12, or between 9 and 11 or at 10 amino
acid residues, downstream of the distal end of the
NR(K)Q motif;

D) it 1s an amino acid residue that in an alignment of
the amino acid seguences of a parent GPCR, in
particular the parent opsin, with bovine rhodopsin
corresponds to C322 or C323 of bovine rhodopsin.

Notably, this last criterion, D, refers to
amino acid residues positioned at the end of H8 that in
fact are not palmitoylated but that are corresponding to
palmitoylated C322 and C323 of rhodopsin in an amino acid
sequence alignment. For example, in both human cone
opsins hOPNIMW and hOPN1LW, these amino acid positions
correspond to amino acid residues G338 und K339.

A palmitoylated amino acid residue at the
distal end of H8 - if present - favorably enhances
membrane association of H8. Accordingly, in chimeric

opsin GPCRs, comprising an upstream opsin with one or
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more palmitoylation site at the distal end of HS, at
least one palmitoylation site is most preferably retained
in the truncated upstream opsin CT. Accordingly, in this
text reference to a truncation site at a palmitoylation
site which fulfills criterion A or B above is positioned
distally adjacent to the palmitoylation site unless
indicated otherwise.

In this text, in the context of protein and
nucleic acid molecules, the terms downstream and distal
refer to the C-terminal direction or region in proteins
and the 3’ direction or region in nucleic acid molecules,
whereas the term upstream and proximal refer to the N-
terminal direction or region in proteins and 5’ direction
or region in nucleic acid molecules. The terms downstream
of and distal to and accordingly also the terms upstream
of and proximal to are used interchangeably.

' In this text, the terms upstream of (or
proximal to) a domain, subdomain, region, motif or site
refers to position that is upstream of (or proximal to)
the proximal end of said domain, subdomain, region, motif
or site including a position that is proximally adjacent.

In this text, the terms downstream of (or
distal to) a domain, subdomain, region, motif or site
refers to position that is downstream (or distal to) the
distal end of said domain, subdomain, region, motif or
site including a position that is distally adjacent.

In this text, the phrase “at” a particular
demain, subdomain, region, motif or site refers to a
position within said domain, subdomain, region, motif or
site. In this text, the phrase “at or distal to” a
particular motif or site refers to a position within or
distal to said domain, subdomain, region, motif or site.
Mutatis mutandis is applicable for the phrases “at or
downstream of”, “at or proximal to” and “at or upstream
of”.

In this text, the phrase between two

particular motifs or sites such as e.g. the phrase
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between the NR(K)Q motif and the palmitoylation site,
unless explicitly stated or apparent from the context
includes the amino acid positions within these motifs or
sites as long as they are retained or reconstituted in
their original or a functionally equivalent version.
Indeed, in some preferred embodiments comprising a
splicing site between two conserved motifs or sites or
between a conserved motif and another amino acid
position, a preferred splicing site may be located within
a conserved motif and after completion of the splicing
manipulation the conserved motif or site or a functional
equivalent thereof is retained or reconstituted.

In this text, the phrase at a proximal end or
at an upstream end of a domain, subdomain, region, motif
or site includes a position at the proximal (or upstream)
end that is still fully or partially within said domain,
subdomain, region, motif or site at its proximal (or
upstream) end or that is proximally adjacent to the
proximal (or upstream end) of said domain, subdomain,
region, motif or site.

In this text, the phrase at a distal end or
at a downstream end of a domain, subdomain, region, motif
or site analogously includes a position at the distal (or
downstream) end that is still fully or partially within
said domain, subdomain, region, motif or site at its
distal (or downstream end) or that is distally adjacent
to said domain, subdomain, region, motif or site.

In this text, in the context of signaling
pathways upstream and downstream refer to earlier and
later steps of the pathway or cells or components that
are involved at earlier and later steps, respectively.

In this text, the term (gene) splicing site
and alternative or similar terms such as (gene) fusion
site, truncation site or cutting and ligation site refers
to a site where gene fragments of different origin, in
particular derived from different parent GPCRs are

joined.
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Unless stated to the contrary, a gene
splicing site (fusion site, cutting and ligation site,
truncation site) that is positioned at a conserved motif
or site at the end of the gene manipulation retains or
reconstitutes the same or a functionally equivalent of
the motif or design as described above. Even if a
splicing site is defined to be located upstream/proximal
or downstream/distal of a particular motif, site or amino
acid position , said gene splicing site may located at or
within such particular motif, site or aminc acid if as a
result of the completed gene manipulation {(e.g. cutting,
ligating, truncating fusing, splicing) the conserved
motif or amino acid is restored or replaced by a
functional derivative thereof such as described above
including e.g. in some embodiments, a conservative amino
acld substitution.

In this text, abbreviations of G proteins and
their corresponding Galpha subunit may be used that
generally follow the pattern G(i/o) for Galpha(i/o) or
Ga(o) for Galpha(o) or Ga(g) for Galpha(g) as common in
the art.

In this text, the term variant refers to a
polypeptide or the gene encoding it that differs from a
reference polypeptide, but retains essential properties.
A typical variant of a polypeptide differs in its primary
amino acid sequence from another polypeptide used as
reference. Generally, differences are limited sc that the
sequences of the reference polypeptide and the variant
are closely similar overall and, in many regions,
identical. A variant and reference pcolypeptide may differ
in amino acid sequence by one or more modifications
(e.g., substitutions, additions, and/or deletions). A
variant of a polypeptide may be naturally occurring such
as an allelic variant, or it may be a variant that is not
known to occur naturally, i.e. a variant may be

artificially constructed.
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In this text the phrases "“percent sequence
identity”, “percent identical with”, “percent similarity
with” in the context of an amino acid sequence describes
the number of matches of identical amino acids of two or
more aligned amino acid sequences compared to the number
of amino acid residues of the total length of the amino
acid sequences. Thus, using an alignment, for two or more
sequences the percentage of aminoc acid residues that are
the same (such as e.g. 90%, or 95% or 100% identity over
the full-length of the amino acid sequences) may be
determined, when the sequences are compared and aligned
for maximum correspondence as measured using a sequence
comparison algorithm as known in the art, or in
particular for short sequence motifs when manually
aligned and visually inspected. The sequences which are
compared to determine sequence identity may thus differ
by substitution(s), addition(s) or deletion(s) of amino
acids. Suitable programs for aligning protein sequences
are known in the art.

Alignment of sequences for comparison may be
conducted e.g. by the local homology algorithm cf Smith
and Waterman, Adv. Appl. Math. 2:482 (1981), by the
global alignment algorithm of Needleman 25 and Wunsch, J.
Mol. Biol. 48:443 (1970), by the search for similarity
method of Pearson and Lipman, Proc. Nat. Acad. Sci.
85:2444 (1988) or by computerized implementations of
these algorithms, including, but not limited to: CLUSTAL,
e.g. CLUSTALW, Clustal Omega, GAP, BESTFIT, BLAST, FASTA
and TFASTA. Software for performing BLAST analyses is
publicly available, e.g., through the National Center for
Biotechnology-Information (NCBI BLAST algorithm (Altschul
SF, et al (1997), Nucleic Acids Res. 25:3389-3402,
http://blast.ncbi.nlm.nih.gov/). One such example for
comparison of nucleic acid sequences is the BLASTN
algorithm that uses the default settings: Expect
threshold: 10; Word size: 28; Max matches in a query

range: 0; Match/Mismatch Scores: 1.-2; Gap costs: Linear.
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Unless stated otherwise, sequence identity values
provided herein refer to the value obtained using the
BLAST suite of programs (Altschul et al., J. Mol. Biol.
215:403-410 (1990)) using the above identified 35 default
parameters for protein and nucleic acid comparison,
respectively.

In this text the term conservative amino acid
substitution refers to modifications that are physically,
biclogically, chemically or functionally similar to the
corresponding reference, e.g., similar size, shape,
electric charge, chemical properties, including the
ability to form covalent or hydrogen bonds, or the like.

For example, conservative amino acid
substitutions include those in which the amino acid
residue 1s replaced with another amino acid residue from
the same side chain family, e.g., serine may be
substituted for threonine. Amino acid residues are
usually divided into families based on common, similar
side-chain properties, such as:

1. nonpolar side chains (e.g., glycine,
alanine, valine, leucine, 1iscleucine, methionine),

2. uncharged polar side chains (e.qg.,
asparagine, glutamine, serine, threonine, tyrosine,
proline, cysteine, tryptophan),

3. basic side chains (e.g., lysine, arginine,
histidine, proline),

4. acidic side chains (e.g., aspartic acid,
glutamic acid),

5. beta-branched side chains (e.g. ,
threonine, valine, isoleucine), and

6. aromatic side chains (e.g., tyrosine,
phenylalanine, tryptophan, histidine).

A conservative substitution may also involve
the use of a non-natural amino acid.

In this text the term “similar protein
sequences” are those which, when aligned, share similar

amino acid residues and most coften identical amino acid
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residues at corresponding positions of the sequences to
be compared. Similar amino acid residues are grouped by
chemical characteristics of the side chains into
families. Said families are described above for
“conservative amino acid substitutions”. The "percent
similarity” between sequences is the number of positions
that contain identical or similar residues at
corresponding sequence positions of the sequences to be
compared divided by the total number of positions
compared and multiplied by 100%. For instance, if 6 out
of 10 sequence positions have identical amino acid
residues and 2 out of 10 positions contain similar
residues, then the sequences have 80% similarity. The
similarity between two seguences can, e.g., be determined
using EMBOSS Needle.

In this text, the proximal region of an opsin
CT is termed O-CT-proximal region and 1s defined to
include the NR(K)Q motif and the following approx. 10
amino acids, in particular 7 to 13, more particular 8 to
12 or most particular 9 to 11 amino acids in distal
direction which often include a helix 8 (H8). The
proximal region of an opsin CT optionally includes a
palmitoylation site (C) at a distal end of HS.

In this text, the term truncated opsin CT
refers to a truncated CT of the upstream opsin that is
truncated at a truncation site beyond which in distal
direction amino acids of the parent upstream opsin CT are
excluded from the truncated opsin CT. The truncation site
of the truncated CT 1is positioned at an amino acid
positon at the distal end of the O0-CT-proximal region or
distal to it, in particular at the distal end of a distal
extension to the O-CT-proximal region as defined above.

In preferred embodiments of the chimeric
opsin GPCR protein, the truncation site of the truncated
opsin CT is positioned at the distal end of the proximal

reglion of the upstream opsin CT (O-CT~proximal region).
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Yet, some embodiments of the chimeric opsin
GPCR, comprise the truncation site of the upstream opsin
CT at a distal end of a distal extension to the O-CT-
proximal region. The distal extension to the 0-CT-
proximal region comprises a distal end at up to 5 or up
to 10 or up to 16 or up to 22 or up to 28, 29, 30, 31,
32, 33, 34 or 35 amino acids downstream of the distal end
of the O0-CT-proximal region or in particular downstream
of the palmitoylation site.

In some embodiments the truncation site of
the opsin CT is selected at a position of up to 41 or up
to 43 or up 45 or up to 47 amino acids downstream of the
NR(K)Q motif.

In some preferred embodiments comprising the
distal extension to the O0-CT-proximal region, the
upstream opsin is selected from the group of melanopsins.

In some embodiments comprising the distal
extension to the O-CT-proximal region the upstream opsin
comprises a long CT domain, e.g. it comprises a CT with
at least 50, 65, 80, 100, 150 or 200 amino acids.

In some of these and other embodiments with
the distal extension to the O0-CT-proximal region, the
distal end of the distal extension i1s selected such that
subdomains of the upstream opsin CT which influence
intracellular trafficking and kinetic properties that are
specific to the upstream opsin are excluded.

The unusually long C-terminal cytoplasmic
region of melanopsin (AA364-521 in nmurine OPN4) shows
limited homology with other GPCRs. It may therefore
contribute to the characteristic response properties of
melanopsin, which sums the input over time being an
environmental light detector entraining the circadian
clock. It was suggested that AA381-397 of mouse Opnié,
which are highly conserved between melanopsins of diverse
species, have an important role in shaping the response
of photoactivated melanopsin (Mure et al. 2016).

Therefore, some embodiments of the chimeric opsin GPCR
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with melanopsin as upstream opsin comprise a truncated
melanopsin at or distal to amino acid position 397 of
mouse melanopsin to accelerate its response kinetics.
Amino acid position 397 corresponds to 33 amino acids
downstream of the palm site located at amino acid
position 364 in mouse melanopsin.

Accordingly, some embodiments of the chimeric
opsin GPCR protein, wherein the opsin is melancpsin, the
truncated opsin CT includes up to approx. 44, amino acids
downstream of the distal end of the NR(K)Q motif
corresponding to up to approx. 33, amino acids dewnstream
of the palmitoylation site.

In some embodiments of the chimeric opsin
GPCR the upstream opsin portion comprises the entire
upstream opsin up to the truncation site, or the upstream
opsin portion comprises a continuous region of the
upstream opsin from the E(DRY) motif up to the truncation
site or, the upstream opsin portion comprises TM3, TM4,
TM5, TM6 and TM7 and optionally the truncated upstream
opsin CT up to the truncation site.

In some embodiments of the chimeric opsin
GPCR protein, the upstream opsin portion comprises
transmembrane domains TM3 and TM7, in particular
comprises transmembrane domains TM3 to TM7, TMZ to TM7 or
comprises TM1 to TMT7.

In some embodiments of the chimeric opsin
GPCR protein, the upstream opsin portion further
comprises one or more of the extracellular domains
selected from EL1, EL2, EL3 and the NT.

In some embodiments of the chimeric opsin
GPCR protein, the upstream opsin portion is derived from
two or more parent opsins, in particular from two parent
opsins.

In some embodiments, the upstream opsin
portion comprises transmembrane domains derived from a
parent opsin that is a non-human opsin and further

comprises one or some, in particular two or three, or all
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extracellular domains derived from a parent opsin that is
a human opsin. Advantageously, in these embodiments the
human immune system does not recognize extracellular
domains derived from a human opsin as foreign epitopes.
Accordingly, in some preferred embodiments of the opsin
GPCR protein, all extracellular domains are derived from
a human opsin.
In some embodiments of the chimeric opsin
GPCR protein, TM7 and the truncated opsin CT are derived
from the same parent opsin.
In some embodiments of the chimeric opsin
GPCR protein, the upstream opsin portion comprises all of
the extracellular domains, all of the transmembrane
domains and all intracellular loops.
In some embodiments of the chimeric opsin
GPCR protein, the upstream opsin portion comprises the
entire parent upstream opsin up to the truncation site of
the CT.
In some embodiments of the chimeric opsin
GPCR protein, the upstream opsin portion is derived from
a mono-stable or from a bi-stable opsin or from a tri-
stable opsin, in particular from a bi-stable opsin.
In some embodiments of the chimeric opsin
GPCR protein, the upstream opsin portion is derived from
a parent opsin selected from the group of opsins
comprising:
- melanopsin (OPN4)
- rhodopsin (RHO)
- cone opsins (OPN1SW, OPN1LW and OPNIMW)
- Jjellyfish opsin (cubop, JellyOP)
- Jjumping spider rhodopsin (JSR1)
- Parapinopsin (PPO)
- Neuropsin (OPND)
- Encephalopsin (OPN3)
In some embodiments of the chimeric opsin-
GPCR protein, deletions or additions, in particular

deletions or additions of up to 5 or up to 10 or up to 15
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or up to 20 cor up to 30 amino acids are present in the
upstream opsin portion of the chimeric opsin GPCR
compared to the physiological parent opsin. In some of
these and other embodiments substitutions of amino acids,
in particular conservative amino acid and/or in
particular up to 5 or up to 10 or up to 15 or 20
substituted amino acids are present upstream opsin
portion of the chimeric opsin GPCR compared to the
physiolcgical parent opsin.

In some embodiments of the chimeric opsin-
GPCR protein, the amino acid sequence of the upstream
opsin portion is at least 80%, 85%, 90%, 92%, 93%, 945,
95%, 95%, 96%, 97%, 98%, 99%, in particular fully
identical with or similar to the corresponding portion of
the physioclogical one or more parent opsin.

In this text, the term target GPCR CT or
target CT for short refers to the essentially complete CT
of the target GPCR or to a functionally active variant
thereof. Functionally active variants of the target CT
are capable of coupling activation of the chimeric opsin
GPCR or of the parent target GPCR into the specific
signaling pathway of the parent GPCR with a similar
efficiency.

The chimeric opsin GPCR according to one of
the previous claim comprising a target GPCR comprising in
particular a deletion of one or more amino acids, in
particular an N terminal deletion between the NPxxY motif
and any amino acid position up to a palmitoylation site
or up to an amino acid position proximally adjacent to
the palmitoylation site.

In some embodiments the target GPCR CT is
essentially complete. In particular an essentially
complete target GPRC comprises a proximal end at or
between the NPxxY and the NR(K)Q sites. In some
embodiments the target GPCR CT has a proximal end one
amino acid or up to 2 or up to 3 or up to 4 or up to 5

amino acids downsream of the NR(K)Q site. In some
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embodiments the target CT has a proximal end between the
NR(K)Q siten and a distal end of a proximal region of the
target CT at around 7 to 13 or 8 to 12 or 9 to 11 or
approx. 10 amino acids distal to the NR(K)Q site or in
particular at a palmitoylation site or at an amino acid
position corresponding to a palmitoylation site as
defined above.

In some embodiments with a functicnal variant
of the CT of the parent target GPCR one or more amino
acids positioned between the NPxxY motif at the distal
end of TM7 of the target GPCR and the NR(K)Q motif at the
proximal end of H8 of the target GPCR CT are deleted or
substituted.

In some further embodiments with a func-
tional variant of the parent target GPCR a proximal re-
gion of the target GPCR is deleted up to the
palmitoylation site at the distal end of H8. Thus, in
these embodiments or in some further embodiments with
target CTs not comprising an H8, the NR(K)Q motif and
subsequent 7 to 13 or 8 to 12 or 9 to 11 amino acids of
the target GPCR are deleted. In particular embodiments,
the amino acids proximal to the palmitoylation site or a
site corresponding to a palmitoylation site as defined
above are deleted.

In some of these embodiments such functional
target GPCR CT and the truncated opsin CT are spliced
together at the palmitoylation sites.

In some embodiments of a functional variant
of the CT comprising substitutions and/or deletions a
conserved NR(K)Q motif is kept intact.

In some embodiments with a functional vari-
ant of the CT of the parent target GPCR, the amino acid
sequence of the target GPCR CT of the target GPCR por-
tion of the chimeric opsin GPCR protein is at least 85%,
at least 90%, at least 92%, at least 93%, at least 8945%,
at least 95%, at least 95%, at least 96%, at least 97%,
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at least 98%, at least 99% identical or similar with the
physiclogical parent target GPCR CT.

In some embodiments of the chimeric opsin
GPCR, the target GPCR portion is derived from a non-opsin
GPCR. In some other embodiments of the chimeric opsin
GPCR, the target GPCR portion is derived from an opsin.

Thus, some embodiments comprise two opsins,
an upstream opsin and a downstream opsin which is termed
target opsin.

The upstream opsin portion is light-
activatable and couples light-activation to the target
GPCR CT. The target opsin, achieves coupling of light
activation into the signaling cascade of the target opsin
by binding to the Galpha protein physiclogically
pertaining to the target opsin.

In the truncated upstream opsin CT an O-CT-
proximal region is embedded. Some embodiments comprising
an upstream opsin and a target opsin, comprise two O-CT-
proximal regions, one derived from the upstream opsin and
one derived from the target GPCR. These embodiments may
also comprise two opsin CT H8 subdomains, an upstream
opsin H8 and a target GPCR HS.

In some embodiments of the chi-meric opsin
GPCR protein, the target CT portion is derived from a
parent target GPCR selected from the group of GPCR
proteins comprising:

Class A GPCRs, in particular selected from the group
comprising:

- cone opsins, in particular OPN1SW, OPNIMW or
OPN1LW,

- serotonin receptors, in particular 5-HT7,

- mu opioid receptor,

- PB-adrenergic receptor, in particular betal-
adrenoceptor, betaZ-adrenocceptor and betal3-
adrenoceptor;

Class B GPCRs, 1in particular selected from the group

comprising:
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- hormonal receptors, in particular glucagon
receptor (GCGR)

Class C GPCRs, in particular selected from the group

comprising:

— GABAp receptors, in particular GABAp1 and GABAz:
- metabotropic glutamate receptors, in particular
the mGluR6 and mGluRS receptors.
In some empbodiments of the chimeric opsin

GPCR protein the target GPCR is a class A GPCR or a class

B GPCR or a GPCR of another class except for a class C

GPCR. In some of these embodiments, the target GPCR

portion comprises one or more intracellular loops

selected from IL1l, ILZ2 and IL3.
In some embodiments of the chimeric opsin

GPCR protein the target GPCR is a class C GPCR, in

particular mGluR6. In some of these embodiments, the

target class C GPCR portion, in particular the mGluRé6
portion, comprises one or more intracellular loops
selected from IL1, ILZ and IL3, with the proviso that one
of the following criteria is fulfilled:

A: in the chimeric GPCR a concomitant presence of a
naturally sized IL3 comprised in the upstream opsin
portion and of a naturally sized IL2 of the class C
GPCR at positions corresponding to their native
position is excluded in order to avoid steric
hindrance between these two ILs in the chimeric GPCR;

B: the upstream opsin portion comprises all of the
intracellular loops IL1 to IL3;

C: the upstream opsin portion comprises IL1 and the
target GPCR portion comprises both IL2 an IL3 which
replace the upstream opsin IL2 and IL3 at
corresponding positions.

In some embodiments of the chimeric opsin

GPCR protein, the CT of the chimeric opsin GPCR further

comprises a sequence element selected from the following

group of elements:

- Golgi export signal
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— Membrane trafficking sequence
— seqguence element encoding a fluorescent protein

The one or more selected elements are arranged
independently in any order at the C-terminal end of the
CT of the chimeric opsin GPCR.

In some embodiments of the chi-meric opsin
GPCR protein, the CT of the chimeric opsin GPCR comprises
as a selected sequence element an export signal, in
particular an endoplasmatic reticulum or a Golgi export
signal, in particular the Golgi export signal from the
potassium channel Kir2.1l with the amino acid sequence
KSRITSEGEYIPLDQIDINV (SEQ ID NO 85) or from the ER export
signal from Kir2.1 with the amino acid sequence
FCYENEV (SEQ ID NO 86).

In some embodiments of the chi-meric opsin
GPCR protein, the CT of the chimeric opsin GPCR comprises
as a selected seqguence element a membrane trafficking
sequence, 1in particular from an opsin, more particularly
the amino acid sequence ETSQVAPA (SEQ ID NO 53) that is
also termed 1D4 epitope tag or 1D4 tag for short (cf.
Gross et al. 2009; Lodowskl et al. 2013).

In some embodiments of the chi-meric opsin
GPCR protein, the CT of the chimeric opsin GPCR comprises
a sequence element encoding a fluorescent protein, in
particular selected from mKate2, TurboFP635 or mScarlet.
In some of these embodiments the fluorescent proteiln is
directly fused to the CT of the chimeric opsin GPCR and
in some other of these embodiments the fluorescent
protein is linked via an IRES or T2A sequence.

In some embodiments of the chi-meric opsin
GPCR protein, the target GPCR portion further comprises
IL1 and the IL1 of the target GPCR replaces the IL1 of
the upstream opsin.

In some embodiments of the chi-meric opsin
GPCR protein, IL3 of the upstream opsin is replaced by
IL3 of the target GPCR. In some other embodiments a

variable region within the upstream opsin IL3 of is
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replaced by IL3 of the target GPCR. Thereby a chimeric
IL3 is obtained comprising the entire IL3 of the target
GPCR at a position replacing a variable region within the
opsin IL3 is formed. The portions of the upstream opsin
IL3 that are proximally and distally adjacent to the
variable region of the upstream opsin IL3 are retained in
the chimeric IL3.

In some embodiments of the chi-meric opsin
GPCR protein, in particular with mGluR6 as the target
GPCR, the proximal end of the target CT is positioned at
or upstream of the NR(K)Q motif or at the palmitoylation
site.

mGluR C-termini and their interaction with
binding partners are well characterized (cf. e.g. Enz R,
2012). In mGluR6 the amino acids HPE constitute the
NR(K)Q motif.

In some embodiments of the chi-meric opsin
GPCR protein, the target GPCR is mGluR6 and IL3 of mGluR6
partially replaces a variable region of the opsin IL3
thereby forming a chimeric opsin-mGluR6 IL3. Accordingly,
these embodiments comprise a chimeric IL3 in addition to
the chimeric CT.

In some embodiments of the chi-meric opsin
GPCR protein, the target GPCR is mGluR6 and the upstream
opsin portion further comprises one or more of the
intracellular loops selected from IL1, IL2 and IL3, with
the proviso that a concomitant presence of a naturally
sized IL3 comprised in the upstream opsin portion and a
naturally sized IL2 ceomprised in mGluR6é pertion in the
cpsin-mGluR6 chimeric protein is excluded.

In some embodiments of the chi-meric opsin
GPCR protein, the upstream opsin portion is derived from
melanopsin and comprises the NT, EL1 to EL3, TM1 to TM7,
IL1 and the truncated opsin CT, and the target GPCR
portion is derived either from mGluR6 or from hOPNlmw and

comprises ILZ, IL3 and the CT.
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Some embodiments of the opsin-GPCR protein
comprise or consist of an amino acid sequence selected
from the group comprising SEQ ID NO 2, SEQ ID NO 4, SEQ
ID NO 6, SEQ ID NO 8, SEQ ID NO 10 and SEQ ID NO 12, SEQ
ID NO 14, SEQ ID NO 16, SEQ ID NC 18, SEQ ID NO 20, SEQ
ID NO 22, SEQ ID NO 24, SEQ ID NO 26, SEQ ID NO 28, SEQ
ID NO 30 and SEQ ID NO 32 SEQ ID NO 34, SEQ ID NO 36, SEQ
ID NO 38, SEQ ID NO 40, SEQ ID NO 42 and SEQ ID NO 44.
Some of these sequences comprise a C-terminally added
sequence selected from a Golgi export signal and/or a 1D4
tag. Both the Golgi export signal and the 1D4 tag are
optional. Accordingly, a sequence according to any of the
above mentioned SEQ ID NO that comprises a Golgi export
signal and / or a 1D4 tag is defined to include wvariants
in which one or both of the optional C-terminally added
seguence are absent.

Some particularly preferred embodiments of
the chimeric opsin-GPCR protein comprise or consist of an
amino acid sequence selected from the group comprising
SEQ ID NO 18, SEQ ID NO 20, SEQ ID NO 22, SEQ ID NO 24,
SEQ ID NO 26 and SEQ ID NO 28.

Some embodiments of the opsin-GPCR protein
comprise an amino acid sequence which is a variant of any
one of the sequences with the above mentioned SEQ ID No
comprising one or more variation selected from

- a conservative amino acid substitution,
- a deletion in a range of 1 up to 3 or up to 5, up to
8 or up to 15 amino acids,
- an insertion in a range of 1 up to 3, or up to 5,,
up to 8 or up to 15 amino acids, and
wherein the chimeric opsin-GPCR protein exhibits a light
activation dependent binding of the Galpha protein
specific to the target GPCR. In some of these embodiments
the target GPCR is mGluR6 and the chimeric opsin mGluR6
upon light activation binds Galpha (o).
Some of the embodiments of the opsin-GPCR

protein comprising an amino acid sequence which is a
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variant of any one of the sequences with the above
menticned SEQ ID NO, said sequence has at least 85%, at
least 90%, at least 92%, at least 93%, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98% or at
least 99% identity.

In some preferred embodiments of the chimeric
opsin GPCR, the target GPCR portion comprises or consists
of an essentially complete CT with a proximal end between
the NPxxy and the NR(K)Q site. In particularly preferred
embodiments the target GPCR portion is derived from
mGluR6é or from a second opsin (target opsin), in
particular from a cone opsin or from rhodopsin.

In some of these and other preferred
embodiments, the truncation site of the upstream opsin CT
is positioned at the palmitoylation site or an amino acid
position corresponding to a palmitoylation site as
defined above. In some preferred embodiments the
truncation site of the upstream opsin CT is positioned
distal to the palmitoylation site e.g. up to 5 or up to
10 or up to 33 amino acids distal to the palmitoylation
site.

In some of these and other preferred
embodiments of the chimeric opsin GPCR, the upstream
opsin portion comprises the entire upstream opsin up to
the truncation site in the CT.

In some of these and other preferred
embodiments, in particular when comprising an upstream
opsin of non-human origin, optionally one or some or all
extracellular domains are exchanged with extracellular
domains of a human opsin. Opticnally, in some of these
preferred and other embodiments additionally or
alternatively one or more of the intracellular loops
selected from IL1, IL2 and IL3 is exchanged with an IL
derived from the target GPCR, in particular ILl1 or IL3 or
a portion of IL3 as described above.

In some of these and other preferred

embodiments of the chimeric opsin GPCR, the upstream
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opsin is selected from the group comprising melanopsin, a
cone opsin, in particular middle wave cone opsin, box
jelly fish opsin, or parapinopsin, or jumping spider
rhodopsin (JSR1 or hJSR(S186F)).

Some of these and other preferred embodiments
comprising melanopsin as upstream opsin and mGluR6 as
target opsin and are termed mela-mGluR6 for short. In
particularly preferred mela-mGluR6 embodiments that are
termed mela(palm)-mGluR6, melanopsin it is truncated at
its palmitoylation site at the distal end of H8 and is
fused to an essentially complete CT of mGluR6. Some most
preferred embodiments of the mela(palm)-mGluR6 chimera
comprise or consist of an amino acid sequence selected
from the group comprising SEQ ID NO 18, SEQ ID NO 20, SEQ
ID NO 22, SEQ ID NO 24, SEQ ID NO 26 and SEQ ID NO 28 or
a variant thereof.

As described above, the chimeric opsin GPCR
protein of the present invention exhibits the common 3D
structure of GPCR proteins. The chimeric opsin GPCR
further comprises conserved motifs that are
characteristic of all GPCR proteins such as the ionic
lock with the E(D)RY motif, the NPxxY motif, the NR(K)Q
motif. The chimeric GPCR protein according to the
invention comprises an upstream opsin portion and a
target GPCR portion.

The upstream opsin portion is also termed
opsin portion for short, in embodiments, where the target
GPCR is a non-opsin GPCR. The upstream opsin portion
comprises the chromophore pocket and comprises the
truncated opsin CT which comprises an O-CT-proximal
region, optionally with a distal extension.

The O0-CT-proximal region includes the NR(K)Q
motif and the following approx. 10 amino acids in distal
direction which in many embodiments form an HS,
optionally with one or more palmitoylation sites at its
distal end. In some embodiments the O-CT-proximal region

comprises a proximal extension up to the NPxxY site
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and/or a distal extension up to approx. 33 amino acids
downstream of a palmitoylation site corresponding to
approx. up to 44 amino acids downstream of the NR(K)Q
motif.

The target GPCR portion comprises essentially
the entire CT of the target GPCR or a functional variant,
in particular a functional fragment thereof. In some
embodiments the target GPCR is a further opsin.

In some embodiments the chimeric opsin GPCR
protein comprises two helices H8: one in the truncated
opsin CT and one in the target GPCR CT.

It has been found that the O0-CT-proximal
region of the parent upstream opsin favorably enhances
the conformational stability and light activation
function of the upstream opsin portion in the chimeric
opsin GPCR.

The target GPCR or a functional variant, in
particular a functional fragment, thereof favorably
mediates correct subcellular protein trafficking,
including trafficking to the cell membrane. It is further
thought, that the correct trafficking of the chimeric
opsin GPCR protein to the cell membrane enhances both the
response to light activation, as well as the shift of G
protein binding selectivity from the Galpha protein of
the parent opsin to the Galpha protein of the target
GPCR.

Thus, it is the chimeric CT comprising an O-
CT-proximal region and a target CT that leads to
surprising technical effects: it alone suffices for
transforming an upstream opsin such that it couples
light-activation of the chimeric opsin GPCR into the
endogenous signalosome of therapeutic target cells by
binding to the Galpha protein of the target GPCR.

In some embodiments, the chimeric GPCR
protein comprises an upstream opsin portion and an mGluR®6
portion. The opsin portion comprises the chromophore

pocket and the truncated opsin-CT including the NR(K)Q
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motif and H8, and optionally one or more palmitoylation
sites and/or optionally up to approx. 33 amino acids
downstream of the palmitoylation site or up to approx. 44
amino acids downstream of the NR(K)Q motif. The mGluR6
portion comprises essentially the entire mGluR6-CT or a
functional variant, in particular a functional fragment
thereof. The opsin-mGluR6 chimeric GPCR protein according
to these embodiments has a chimeric CT with the truncated
opsin-CT upstream of the mGluR6-CT. In some embodiments,
it comprises two helices H8: one in the truncated opsin
CT and one in the target GPCR CT.

The chimeric CT suffices to target the
exemplary chimeric opsin-mGluR6 protein to the
signalosome of ON bipclar cells where upon light
activation it binds to a Galpha (o) protein, instead of a
different G protein of the signalosome that is endogenous
in the physiological cellular envirconment of the parent
melanopsin.

In some embodiments of the opsin mGluR6
chimera, the opsin is melanopsin.

Advantageously, exemplary embodiments of
chimeric melanopsin GPCRs comprising a chimeric CT
comprising a truncated melanopsin CT and a native target
GPCR CT, exhibit a much faster response to light than the
parent melanopsin. This is indeed desirable considering
that response kinetics of melanopsin is adapted to its
physiological role in regulation of circadian rhythm - a
process reguiring a slower kinetics of response to a
change in light than the kinetics of response required
for vision.

It was observed that the chimeric opsin GluRé6
proteins couple light activation with a similar
efficiency intc the mGluR6é signaling cascade as their
physiological parent opsins couple light activation into
their signaling cascade in healthy photoreceptor cells.

Thus, the genetic transformation of

physiologically light insensitive neurons, in particular
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ON bipolar cells, with nucleic acid molecules encoding
the opsin-GluR6 chimeric GPCR bypasses photoreceptor
cells in the wvisual signaling pathway and enables
restoration of vision in retinas with degenerated
photoreceptor cells by turning ON-bipolar cells into
“replacement photoreceptors” that can activate the neural
retina.

The prior art, e.g. above mentioned chimeric
opsin mGluR6 proteins, has previously proven this
therapeutic concept. The striking surprise of the present
invention is that it suffices to simply equip a
physiological opsin with a genetically engineered
chimeric CT comprising the O-CT-proximal region, in
particular embedded in the truncated opsin-CT and an
essentially entire CT of the target GPCR. On top, this
genetic design is applicable to all tested opsin GPCR
chimera.

In contrast, the prior art teaches that
besides the CT, the intracellular loops, in particular
IL3 and also IL2 appeared to be particularly important or
even required for G-protein selectivity (W02012/174674,
Kleinlogel, 2016; Tsai et al, 2018.

Thus, surprisingly, the specific G alpha(o)
binding of the mGluR6 signalosome by the chimeric opsin-
mGluR6 protein of the present invention is achieved in
complete absence of any of the intracellular loops of
mGluR6.

Indeed, exemplary chimeric opsin mGluR6 GPCR
proteins comprising only the chimeric CT and no
additional intracellular domains of mGluR6é mimic or
surpass chimeric opsin GPCRs of the prior art comprising
additionally replacement of intracellular loops in
favorable properties such as e.g. fast kinetics and
amplitude of the response to light activation, or such as
correct intracellular trafficking to the subcellular
compartment corresponding to the physiological

compartment of cells comprising the parent target GPCR.
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For example, the chimeric opsin mGluR6 GPCRs of the
present invention are more efficiently targeted to the
dendrites in ON bipolar cells and enhance light-induced
retinal responses compared to chimeric opto-mGluRé6
available in the prior art (van Wyk et al, 2015).

A particular advantage of the chimeric opsin
GPCR protein with the chimeric CT or the target opsin CT
according to the invention 1is the great simplicity in the
design, which requires minimal in silico modelling and
genetic engineering based on the selection of a single
mandatory splicing site, only. Nevertheless, the
functional response to light activation of the chimeric
opsin GPCR proteins, such as e.g. chimeric opsin mGluR6
or chimeric opsin 5-hydroxytryptamine receptor 7 (5-HT7),
even correspond in magnitude and speed to the
physiological response of the parent target GPCRs.

The first aspect of the invention further
relates to a peptide comprising a chimeric C-terminal
domain (chimeric CT) derived from a parent opsin CT and a
parent target GPCR CT, in particular comprising a
chimeric C-terminal domain (chimeric CT) of the chimeric
opsin GPCR protein described above. The chimeric C-
terminal peptide comprises a truncated C-terminal domain
of an upstream opsin (truncated opsin-CT) including a
proximal region of the CT (0O-CT-proximal region). The O-
CT-proximal region in particular comprises a helix 8 (HB)
and a palmitoylation site corresponding to C322 or C323,
respectively, of bovine rhodopsin. In some embodiments
the O-CT-proximal region comprises a distal extension of
e.g. up to approx. 33, 34 or 35 amino acids downstream of
the palmitoylation site of the opsin. The peptide further
comprises a C-terminal domain of a target GPCR (target
GPCR CT) or a functional variant, in particular a
functional fragment, thereof. The target GPCR CT is

positioned downstream of the truncated opsin CT.
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A second aspect of the invention relates to a
nucleic acid molecule encoding the chimeric opsin GPCR
protein and encoding the chimeric C-terminal peptide
comprising the truncated opsin CT and the target GPCR CT
or a functional variant thereof. Said nucleic acid
molecule comprises or consists of a nucleic acid sequence
encoding the chimeric opsin GPCR protein.

The chimeric opsin GPCR protein and the
chimeric C-terminal peptide and the nucleic acid
sequences encoding them are gene fusion products also
termed gene splicing products, comprising fragments of a
parent gene encoding a parent upstream opsin and
fragments of a parent gene encoding a parent target GPCR
as described above.

In this text, the nucleic acid sequence
encoding the chimeric opsin GPCR or the chimeric C-
terminal peptide is also termed chimeric opsin GPCR gene
or chimeric opsin GPCR transgene.

In this text, the term transgene relates to a
gene or a nucleic acid molecule transferred into the
genome of an organism or cell. In particular, the term
transgene refers to a gene or nucleic acid molecule
encoding the chimeric opsin GPRCs or the chimeric C-
terminal peptide of this invention.

In this text, the terms chimeric opsin GPCR
protein and nucleic acid molecule encoding said opsin
chimeric GPCR protein refer to a protein and a nucleic
acid molecule that do not occur as such in nature. Rather
they are artificial molecules obtainable by molecular
technigues such as e.g. gene cloning, gene expression,
recombinant nucleic acid technology, chemical synthesis
such as e.g. solid phase chemical synthesis of
recombinant nucleic acid molecules. They may be treated,
fabricated and manipulated also in other ways as known in
the art. For standard techniques used for molecular,
genetic and biochemical methods and chemical methods see

e.g. Sambrook et al., Molecular Cloning: A Laboratory
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Manual, 2d ed. (1989) Cold Spring Harbor Labocratory
Press, Cold Spring Harbor, N.Y. and Ausubel et al., Short
Protocols in Molecular Biology (1999) 4th Ed, John Wiley
& Sons, Inc.

Thus, the second aspect of the invention
relates to a nucleic acid molecule comprising or
consisting of a nucleic acid sequence encoding the
chimeric opsin GPCR or the peptide according to the first
aspect of the invention.

In some embodiments of the nucleic acid
molecule, it comprises a nucleic acid seguence encoding a
chimeric opsin GPCR consisting of an amino acid sequence
that 1is at least 90% identical to a sequence selected

rom a group of amino acid sequences comprising SEQ ID NO
2, SEQ ID NO 4, SEQ ID NO 6, SEQ ID NO 8, SEQ ID NO 10
and SEQ ID NO 12, SEQ ID NO 14, SEQ ID NO 16, SEQ ID NO
18, SEQ ID NO 20, SEQ ID NO 22, SEQ ID NO 24, SEQ ID NO
26, SEQ ID NO 28, SEQ ID NO 30 and SEQ ID NO 32 SEQ ID NO
34, SEQ ID NO 36, SEQ ID NO 38, SEQ ID NO 40, SEQ ID NO
42 and SEQ ID NO 44, such as at least 91%, 92%, 93%, 94%,
95%, 95.5%, 96%, 96.5%, 97%, 97.5%, 98%, 98.5%, 99%,
99.1%,99.2%, 99.3%, 99.4%, 99.5%, 99.6%, 99.7%, 99.8%,
99.9% or 100% identical to an amino acid seguence
selected from SEQ ID NO 2, SEQ ID NO 4, SEQ ID NO 6, SEQ
ID NO 8, SEQ ID NO 10 and SEQ ID NO 12, SEQ ID NO 14, SEQ
ID NO 16, SEQ ID NO 18, SEQ ID NO 20, SEQ ID NO 22, SEQ
ID NO 24, SEQ ID NO 26, SEQ ID NO 28, SEQ ID NO 30 and
SEQ ID NO 32 SEQ ID NO 34, SEQ ID NO 36, SEQ ID NO 38,
SEQ ID NO 40, SEQ ID NO 42 and SEQ ID NO 44,

Examples of such nucleic acid sequences
encoding a chimeric opsin GPCR consisting of an amino
acid sequence selected from SEQ ID NO 2, SEQ ID NO 4, SEQ
ID NO 6, SEQ ID NO 8, SEQ ID NO 10 and SEQ ID NO 12, SEQ
ID NO 14, SEQ ID NO 16, SEQ ID NO 18, SEQ ID NC 20, SEQ
ID NO 22, SEQ ID NO 24, SEQ ID NO 26, SEQ ID NO 28, SEQ
ID NO 30 and SEQ ID NO 32 SEQ ID NO 34, SEQ ID NO 36, SEQ
ID NO 33, SEQ ID NO 40, SEQ ID NO 42 and SEQ ID NO 44.
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include, but are not limited to a nucleic acid sequence
identical to a nucleic acid sequence selected from SEQ ID
NO 1, SEQ ID NC 3, SEQ ID NO 5, SEQ ID NO 7, SEQ ID NO 9
and SEQ ID NO 11, SEQ ID NO 13, SEQ ID NO 15, SEQ ID NO
17, SEQ ID NO 19, SEQ ID NO 21, SEQ ID NO 23, SEQ ID NO
25, SEQ ID NO 27, SEQ ID NO 29 and SEQ ID NO 31 SEQ ID NO
33, SEQ ID NO 35, SEQ ID NO 37, SEQ ID NO 39, SEQ ID NO
41 and SEQ ID NO 43.

In some embodiments the nucleic acid molecule
encoding the chimeric opsin GPCR comprises or consists of
a nucleic acid sequence that 1s at least 70% identical to
a nucleic acid sequence selected from the group
comprising SEQ ID NC 1, SEQ ID NO 3, SEQ ID NO 5, SEQ ID
NC 7, SEQ ID NO 9 and SEQ ID NO 11, SEQ ID NO 13, SEQ ID
NO 15, SEQ ID NO 17, SEQ ID NO 19, SEQ ID NO 21, SEQ ID
NO 23, SEQ ID NO 25, SEQ ID NO 27, SEQ ID NO 29 and SEQ
ID NO 31 SEQ ID NC 33, SEQ ID NO 35, SEQ ID NO 37, SEQ ID
NO 39, SEQ ID NO 41 and SEQ ID NO 43; such as at least
75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 95.5%, 9e6%,
96.5%, 97%, 97.5%, 98%, 98.5%, 99%, 99.1%, 99.2%, 99.3%,
99.4%, 99.5%, 99.6%, 99.7%, 99.8%, 99.9% or 100%
identical to a nucleic acid sequence selected from the
group comprising SEQ ID NO 1, SEQ ID NO 3, SEQ ID NO 5,
SEQ ID NO 7, SEQ ID NO 9 and SEQ ID NO 11, SEQ ID NO 13,
SEQ ID NO 15, SEQ ID NO 17, SEQ ID NO 19, SEQ ID NO 21,
SEQ ID NO 23, SEQ ID NO 25, SEQ ID NO 27, SEQ ID NO 29
and SEQ ID NO 31 SEQ ID NO 33, SEQ ID NO 35, SEQ ID NO
37, SEQ ID NO 39, SEQ ID NO 41 and SEQ ID NO 43.

In some particularly preferred embodiment of
the nucleic acid molecule according to claim 38, encoding
a preferred mela(palm mGluR6 chimeric opsin GPCR, wherein
said nucleic acid molecule comprises or consists of an
nucleic acid sequence selected from the group comprising
SEQ ID NO 17, SEQ ID NO 19, SEQ ID NO 21, SEQ ID NO 23,
SEQ ID NO 25 and SEQ ID NO 27.
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A third aspect of the invention relates to an
adeno~associated virus capsid (AAV capsid) polypeptide
for medical use of delivering a nucleic acid molecule
according to the second aspect of the invention into a
target cell. Thus, the third aspect provides an AAV
capsid for the transfer of a transgene encoding the
chimeric opsin GPCR protein according to the first aspect
into a target cell. The third aspect also relates to a
nucleic acid molecule comprising a sequence encoding the
ARV capsid polypeptide for said medical use.

A second invention that is independent of the
main invention described herein in an aspect A relates to
a novel AAV capsid polypeptide per se and in an aspect B
to a nucleic acid molecule comprising a seguence encoding
said novel AAV capsid.

An aspect C of the independent, second
invention relates to the novel AAV capsid polypeptide -
and the nucleic acid molecule encoding it - for medical
use of delivering a transgene to a target cell. Aspect C
of the independent, second invention also includes the
novel AAV capsid polypeptide - and the nucleic acid
molecule encoding it - for medical use of delivering the
nucleic acid molecules encoding the chimeric opsin GPCR
according to the second and first aspect, respectively,
of the first, main invention to a target cell.

An aspect D of the independent, second
invention relates to a recombinant AAV vector comprising
the nucleic acid molecule according to aspect B encoding
the novel capsid according to aspect R of the independent
second invention.

In the description and the claims below the
term AAV capsid or capsid refers to both the capsid for
medical use according to the main invention and the
capsid per se according to the independent second
invention, unless differently apparent from the context.

Accordingly, in the third aspect of the

invention an adenc-associated virus (AAV) capsid
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polypeptide and a nucleic acid molecule encoding the AAV
capsid polypeptide are provided for use in medical
therapy to deliver a nucleic acid molecule according to
the second aspect of the invention encoding the chimeric
opsin GPCR protein according to the first aspect of the
invention to a target cell.

In some embodiments the capsid is a capsid
protein of AAV2, BAAV2(7m8) (Dalkara D et al, 2013) or
AAVS (BP2) (Cronin et al, 2014,) or a variant derived
thereof.

In wild-type AAV the genome includes the Cap
gene which encodes the capsid proteins VP1l, VP2 and VP3,
which interact together to form a capsid of an cosahedral
symmetry, and the assembly-activating protein (AAP),
which is required for stabilizing and transporting newly
produced VP proteins from the cytoplasm into the cell
nucleus. All three VPs are translated from one mRNA and
spliced differently. The largest 90 kDa VPl is an
unspliced transcript, the 72 kDa VP2 is translated from a
non-conventional ACG start codon whereas the smallest 60
kDa VP3 is translated from an AUG codon. All the three
VPs have overlapping C-termini.

A reference to an amino acid position in an
AAV capsid in the context of the present text relates to
the amino acid sequence of the capsid protein VPl of AAV2
according to the reference sequence of AAV2 which is
accessible at GenBank entry No. J01901.1 (Adeno-
associated virus 2, complete genome).

In some embodiments the AAV capsid comprises
a peptide insert. In some embodiments, the peptide is
inserted in particular at a peak or spiky protrusion.

The peptide is inserted at position 587 of
the AAV2 capsid. Spiky protrusions (peaks) represent the
most exposed regions of the capsids. The highest peak is
located at amino acid position 453 and second highest at
position 587 on the AAV2 capsid. These peaks accept

peptide insertions without disturbing capsid assembly and
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provide opportunities for targeting non-permissive cells.
Likewise, protrusions represent critical sites of AAVs
receptor binding and immunogenicity.

(SEQ ID NO

host interaction,
The wild type capsid AAV2 sequence

5 59)
mentioned peptides between N587 and R588 that are marked

is shown below with the insertion point of the above

in bold and underlined).

MAADGYLPDW LEDTLSEGIR QWWKLKPGPP PPKPAERHKD DSRGLVLPGY KYLGPEFNGLD
60
10 KGEPVNEADA AALEHDKAYD RQLDSGDNPY LKYNHADAEF QERLKEDTSE GGNLGRAVFEQ
120
AKKRVLEPLG LVEEPVKTAP GKKRPVEHSP VEPDSSSGTG KAGQQPARKR LNFGQTGDAD
180
SVPDPQPLGQ PPAAPSGLGT NTMATGSGAP MADNNEGADG VGNSSGNWHC DSTWMGDRVI
15 240
TTSTRTWALP TYNNHLYKQI SSQSGASNDN HYFGYSTPWG YFDFNRFHCH FSPRDWQRLI
300
NNNWGFRPKR LNFKLENIQV KEVTQONDGTT TIANNLTSTV QVFTDSEYQL PYVLGSAHQG
360
20 CLPPFPADVFE MVPQYGYLTL NNGSQAVGRS SFYCLEYFPS QMLRTGNNET FSYTFEDVPE
420
HSSYAHSQSL DRLMNPLIDQ YLYYLSRTNT PSGTTTQSRL QFSQAGASDI RDQSRNWLPG
480
PCYRQQRVSK TSADNNNSEF SWTGATKYHIL NGRDSLVNPG PAMASHKDDE EKFEFPQSGVL
25 54C
IFGKQGSEKT NVDIEKVMIT DEEEIRTTNP VATEQYGSVS TNLQRGgBQA ATADVNTQGV
600
LPGMVWQDRD VYLQGPIWAK IPHTDGHFHP SPLMGGFGLK HPPPQILIKN TPVPANPSTT
660
30 FSAAKFASEI TQYSTGQVSV EIEWELQKEN SKRWNPEIQY TSNYNKSVNV DETVDTNGVY
720
SEPRPIGTRY LTRNL

35

comprising

- SASEAST (SEQ ID NO 60)

- TPPSITA (SEQ ID NO 61)

40 - PRTPHTA (SEQ ID NO 62)

- NHAPNHC (SEQ ID NO 63)

Peptide inserts at between N587 and R588 have
been described in the prior art (David A., 2018; EP
application No. 19206603.3, unpublished.) In these

45

In some embodiments,

the AAV capsid protein

is an AAV2 capsid protein and comprises an amino acid

insert between amino acids 587 and 588,

wherein the

peptide insert is selected from the group of peptides

embodiments the AAV capsid polypeptide comprises a
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peptide insert which consists of 7 amino acids, also
called a 7-mer peptide insert for short.

In some further embodiments the AAV capsid
polypeptide comprises a peptide insert which is a 7 to
13-mer. In particular, these embodiments comprise a 7-
mer, such as the 7-mer peptide insert described above and
additionally comprise one or two flanking linkers of 0-6
amino acids with 6 being the maximum number of the total
number of N- and C- terminally added flanking amino
acids.

Some exemplary embodiments comprise of
peptide inserts comprising no linker sequence, other
embodiments comprise a linker on one side or on both
sides. In some embodiments the linker is selected from
but not limited to a group of amino acids comprising
alanine (A), Asparagine (N), Lysine (L), Arginine (R),
Threonine (T) or glycine (G) or a mixture thereof.

In some preferred embodiments the one or two
flanking linker comprise or preferably consist of amino
acids selected from

i. amino acids G and A or
ii. amino acids A, N, L, T, R, G, A, N, L and R, in
particular A, L, N, R.

In some preferred embodiments, one or both of
the flanking linkers comprise at least one amino acid
selected from N and R. In some particularly preferred
embodiments, the linkers comprise 2 or 3 amino acids on
either side. In some of these and other embodiments the
linker consists of one or more amino acid selected from
the amino acids A, L, N, R. In exemplary preferred
embodiments the linker and peptide insert are in the
configuration of NLA-peptide-AR

In some preferred embodiments the capsid is
an RAAV2 capsid protein or a mutant variant thereof that
comprises a peptide insert between N587 and R588,
selected from

- AAASASEASTAA (SEQ ID NO 64),
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- AAATPPSITAAA (SEQ ID NO €5),
~ AAAPRTPHTAAA (SEQ ID NO 66),
- NLANHAPNHCAR (SEQ ID NO 67),
- NLAPRTPHTAAR (SEQ ID NO 68).

In this text embodiments of AAV2 capsid
comprising an insert are also referred to in an
abbreviated nomenclature listing the wildtype AAV
serotype followed by the modification in parenthesis.
Such abbreviated nomenclature for exemplary capsids
comprising a peptide insert as described above is e.g. an
AAV2 (NHAPNHC) referring to an RARV2 capsid comprising the
7 amino acids in the peptide insert listed in parenthesis
and optionally further comprising one or two flanking
linkers or e.g. an AAV2 (PRTPHTA) capsid comprising a
peptide insert with the listed 7 amino acids PRTPHTA and
optionally including one or two flanking linkers.

The above mentioned exemplary embodiments of
peptide inserts comprising flanking linkers are listed
below with the flanking linkers in a slightly expanded
sequence context of the AAV2 capsid. The exemplary
embodiments of the linkers are underlined. The first
three linkers comprise alanine and are in the form of -
AAA-...-AA- and the last two linkers comprise alternative
amino acids, i.e. arginine (R ), asparagine (N) and
lysine (L) in addition to alanine (A) are in the form of
-NLA-...-AR- as shown below:

SEQ ID NO 69:
580 -~ VSTNLQRGN-AAA- SASEAST-AA-RQAATADVNTQGVLPG
SEQ ID NO 70:
580 ~ VSTNLQRGN-AAA- TPPSITA-AA-RQAATADVNTQGVLPG
SEQ ID NO 71:
580 — VSTNLQRGN-AAA- PRTPHTA-AA-RQAATADVNTQGVLPG
SEQ ID NO 72:
580 - VSTNLQRGN-NLA-NHAPNHC-AR- RQAATADVNTQGVLPG
SEQ ID NO 73:
580 - VSTNLQRGN-NLA-PRTPHTA-AR- RQAATADVNTQGVLPG
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Capsids comprising the peptide insert
according to SEQ ID NO 67, NLANHAPNHCAR, or according to
SEQ ID NO 68, NLAPRTPHTAAR, are novel per se and
constitute an independent invention. Thus, these novel
capsids are not limited to the context of rAAV2 vectors
for packaging the transgene encoding the chimeric opsin
GPCR proteins described herein. In particular, these
novel capsids are not limited to medical use with the
chimeric opsin GPCR or the nucleic acid molecule encoding
it according to the first and second aspect of the

present invention.

Thus, in an independent invention an adeno-
associated virus (AAV) capsid polypeptide is provided
which comprises a peptide insert at a position between
587 to 592, preferably between N587 and R588 of the AAV
serotype 2 capsid or at a position homologous thereto in
an AAV of ancther serotype, wherein the peptide insert is
selected from the group of sequences comprising:

- _NLANHAPNHCAR (SEQ ID NO 67),

- NLAPRTPHTAAR (SEQ ID NO 68)

In some embodiments, the capsid protein is an
RAAVZ capsid and comprises at least one mutation, wherein
this at least one mutation is selected from:

a. a tyrosine (Y) to phenylalanine (F) at
aminc acid position 252, 272, 444, 500, 700, 704 and/or
730; and/or

b. a threonine (T) to valine (V) at amino
acid position 491.

A particularly preferred embodiment of the
novel capsid comprises the amino acid seqguences of AAVZ
capsid protein with the NLAPRTPHTAAR insertion according
to SEQ ID NO 74 as shown below:

VP3 (grey sequence) overlapping with VPI1,
tyrosine to phenylalanine (Y-F) mutations are highlighted
in dark grey and underlined, amino acid numbering refers
to the whole VPl sequence. The highest peak at G453 and
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the second highest peak at N587, where the motif was
inserted, 1is underlined and indicated by a white

underlay. The insertion is in italics and boxed.

MAADGYLPDWLEDTLSEGIRQWWKLKPGPPPPKPAERHKDDSR
GLVLPGYKYLGPFNGLDKGEPVNEADAAALEHDKAYDRQLDSG
DNPYLKYNHADAEFQERLKEDTSFGGNLGRAVFQAKKRVLEPL
GLVEEPVKTAPGKKRPVEHSPVEPDSSSGTGKAGQQPARKRLN
FGQTGDADSVPDPQPLGQPPAAPSGLGTNTMATGSGAPMADNY
EGADGVONSSGNWHCDSTWMGDRVITTSTRIWALPTENNHLYK
QISSOSGASNDNHEFGYSTPWCY FDFNRFHCHFSPROWORLIN
NNWGFRPKRLNFELENIQVKEVTONDGTTTIANNLTSTVQVET
DSEYQLPYVLGSAHQGCLPPFPADVEMVPOYGYLTLNNGSQAV
GRSSFYCLEYFPSOMLRTIGNNETFSYTFEDVPFHSSYAHSQSL
DRLMNPLIDOYLYELSRTNTPSGTTTQSRLOFSQAGASDIRDY
SRNWLEPGPCYROQRVSKTSADNNNSEESWTGATKYHLNGRDSL
VNPGPAMASHKDDEEKFFPQSGVLIFGKOGSEKTNVDIERVMI
TDEEEIRTINPVATEQYGSVSTNLORGNNLAPRTPHTAARRQAR
TADVNTQGVLPGMVWQODRDVYLQGPIWAKIPHTDGHFHPSPLM
GGFGLKHPPPOILIKNTEVPANPSTTESARKFASFITOYSTGO
VSVEIEWELQKENSKRWNPEIQETSNYNKSVNVDFTVDINGVY
SEPRPIGTRELTRNL

The third aspect and the independent
invention also relate to nucleic acid molecules encoding
the AAV capsids as described above.

In some embodiments, the nucleic acid
molecule comprises or consists of a nucleic acid sequence
encoding a capsid polypeptide selected from AAVZ,

DAAV2 (7m8) or AAV8 (BP2) or AAV2(NHAPNHC) or AAVZ (PRTPHTA).

In some embodiments, The nucleic acid
molecule according to claim 49, wherein the nucleic acid
molecule comprises or consists of a nucleic acid seguence
encoding a capsid polypeptide comprising an amino acid
sequence with a peptide insert between N587 and R588 of
the AAVZ genome, selected from

- AAASASEASTAA (SEQ ID NO 64),

- AAATPPSITAAA (SEQ ID NO 65},
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- AAAPRTPHTAAA (SEQ ID NO 66),

-  NLANHAPNHCAR (SEQ ID NO 67),

- NLAPRTPHTAAR (SEQ ID NO 68).

In some embodiments, the nucleic acid
molecule comprises a transgene in particular encoding a
chimeric opsin GPCR. In some preferred of these
emnodiments the transgene comprises or consists of a
nucleic acid sequence selected from the group comprising
SEQ ID NO 1, SEQ ID NO 3, SEQ ID NO 5, SEQ ID NO 7, SEQ
ID NO 9 and SEQ ID NO 11, SEQ ID NO 13, SEQ ID NO 15, SEQ
ID NO 17, SEQ ID NO 19, SEQ ID NO 21, SEQ ID NO 23, SEQ
ID NO 25, SEQ ID NO 27, SEQ ID NO 29 and SEQ ID NO 31 SEQ
ID NO 33, SEQ ID NO 35, SEQ ID NO 37, SEQ ID NOC 39, SEQ
ID NO 41 and SEQ ID NO 43.

In some particularly preferred embodiments,
the nucleic acid molecule comprises a transgene encoding
a mela(palm)-mGluR6 chimeric GPCR comprising or
consisting of a nucleic acid sequence selected from the
group comprising SEQ ID NO 17, SEQ ID NO 19, SEQ ID NO
21, SEQ ID NO 23, SEQ ID NO 25 and SEQ ID NO 27.

In some embodiments of the nucleic acid
molecule encoding the capsid and a transgene, the
transgene 1is operably linked to a cell specific promoter.
In some of these embodiments the cell specific promoter
is in particular an ON bipoclar cell specific promoter,
more particularly a promoter selected from the group
comprising a 200En-mGluR500P promoter, a
770En_ 454P (hGRM6) promoter according to SEQ ID NO 75 or a
444En 454P (hGRM6) promoter according to SEQ ID NO 76 or
an endogenous mGluR6 promoter of retinal ON-bipolar cells
or elements thereof.

The terms Mela{palm)-mGluR6 or Mela(palm+33)-
mGluR6 refer to preferred embodiments of melanopsin
mGluR6 chimeric opsin GPCRs comprising a truncated
melanopsin CT truncated at the palmitoylation site or
truncated at 33 amino acids downstream of the

palmitoylation site, respectively.
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Accordingly, in some particularly preferred
embodiments of the nucleic acid molecule encoding the
capsid, the capsid is selected from an AAV2(7m8) or
ARAVB (BP2) or AAV2(NHAPNHC) or AAV2 (PRTPHTA) capsid.
Additionally, said nucleic acid molecules further
comprise a transgene encoding a preferred embodiment of
the chimeric opsin GPCR such as Mela(palm)-mGluR6 or
Mela (palm+33)-mGluR6 and furthermore the transgene is
under control of the 770En-445P(hGRM6) promoter or the
444FEn 454P (hGRM6) promoter.

In some embodiments of the independent
invention relating to the novel rAAV capsid, a vector is
provided comprising the novel rAVV capsid with the novel
peptide insert as described above.

Whenever an embodiment of the capsid
according to the fifth aspect of the invention refers to
a specific sequence according to a particular SEQ ID NO,
it i1s understood that variants of the specific sequence
as described above are included in these embodiments.

A fourth aspect of the invention relates to a
vector comprising a nucleic acid molecule according to
the second aspect of the invention encoding the chimeric
opsin GPCR protein or the chimeric C-terminal peptide
according to the first aspect of the invention. Thus, the
fourth aspect relates to a vector for gene transfer into
a target cell and in particular also for expressing the
chimeric opsin GPCR therein. In other words the vector
according to the fourth aspect of the invention comprises
a transgene encoding the chimeric opsin GPRCs or the
chimeric C-terminal peptide according to the first aspect
of the invention.

Accordingly, a vector in particular a nucleic
acid expression vector is provided comprising a nucleic
acid encoding the chimeric opsin GPCR protein or the
chimeric C-terminal peptide encoded by the nucleic acid
molecule as described in the first and second aspect of

the invention, respectively. The nucleic expression
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vector comprises a promoter operably linked to a
transgene encoded by the nucleid acid molecule encoding
the chimeric opsin GPCR.

In some embodiments, the transgene is
preceded by an optimized KOZAK sequence. The KOZAK
sequence has the consensus (gcc)gccAccAUGG (SEQ ID NO 77)
or (gcc)gccGechAUGG (SEQ ID NO 78) and enhances the
initiation of the translation.

In some embodiments, the nucleic acid
expression vector also comprises a WPRE (Woodchuck
hepatitis virus post-transcriptional regulatory element)
regulatory sequence (cf. SEQ ID NO 20 in Hulliger et al.
2010). The WPRE is a DNA sequence that, when transcribed,
creates a tertiary structure enhancing expression.

In some embodiments, the nucleic acid
expression vector alsoc comprises a polyA tail, which is
inserted downstream of the transgene. The polyA tail

promotes translation of the transgene.

In some embodiments, the vector is derived
from an adeno-associated virus (AAV). Said vector is a
recombinant (rAAV) vector as it comprises the nucleic
acid molecule encoding the chimeric opsin GPCR protein or
the chimeric C-terminal peptide according to the first
aspect of the invention described above.

In some embodiments, the rAAV vector is
either a single-stranded vector (ssAAV) or a self-
complementary vector (scAAV).

In some embodiments, the vector is a
recombinant AAV vector, in particular selected from the
group of AAV serotypes comprising AAV1, AAVZ2, AAV3, AAV4,
AAV5, AAV6, AAVT7, AAVE, AAVY, AAV1O, AAV11 or AAV1Z2. In
some preferred embodiments, the vector is a rAAVZ or a
rAAVE vector.

In some of these and other embodiments the
vector further comprises a nucleic acid sequence selected

from the group of sequences comprising:
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- a sequence encoding an AAV capsid protein, and/or

- a promoter, in particular a cell-specific
promoter, more particularly a bipolar cell
specific promoter.

In some embodiments comprising a promoter, in
particular a cell-specific promoter, the vector further
comprises an enhancer sequence and optionally a spacer.
From 5’ -end to 3’-end, the vector comprises first the
enhancer, then the coptiocnal spacer and then the promoter.
The transgene is located in 3’ -direction of the promoter
for expression of the transgene driven by the promoter,
i.e. the transgene is operably linked to the promoter.

In some embodiments, in particular of the
vector expressing a nucleic acid molecule encoding a
chimeric opsin GPCR comprising an mGluR6 target GPCR CT,
the vector comprises an ON-bipolar cell specific
promoter. In some of these embodiments the ON-bipolar
cell specific promoter is selected from the group
comprising a GRM6-sv40 promoter (Kim et al, 2008) or a
4%xGRM6-sv40 promoter (Cronin et al., 2014) or a Z200En-
mGluR500P promoter (Lu et al., 2016) or a
770En_454P (hGRM6) or 444En_454P (hGRM6) promoter (cf.
Hulliger et al., 2020 and EP19200082.6 (unpublished)).

The 770En_454P (hGRM6) promoter comprises or
consists of SEQ ID NO 75. The 770En_454P(hGRM6) promoter
comprises the enhancer 770En (hGRM6) (-14236 to - 13467
rel. TLSS GRM6) containing the 300 bp conserved seguence
between the murine and human genomes (-13873 to -13467
rel. TLSS GRM6) and in addition containing the 3’ ChIP-
seq peaks and Dnase hypersensibility cluster (-13990 to -
13816 rel. TLSS GRMO6).

The 444En 454P (hGRM6) promoter comprises or
consists of SEQ ID NO 76. The 444En 454P (hGRM6) promoter
comprises the enhancer 444En (hGRM6) (-14033 to -13590
rel. TLSS GRM6A) and is a 3’ and 5’ truncated version of
the 770En (hGRM6)including 3’ and 5’ only the ChiP-seq

peaks.
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‘ In some embodiments of the vector comprising
a cell specific promoter, the cell specific promoter is
an endogenous mGluRé promoter of retinal ON-bipolar cells
or elements thereof.

Scme preferred embodiments of the vector
comprising an ON-bipolar cell specific promoter as
described above express a nucleic acid molecule encoding
a chimeric melanopsin-mGluR6. In some of these
embodiments, the chimeric melanopsin mGluR6 protein
comprises an opsin CT truncated at the palmitoylation
site, also termed Mela(palm)-mGluR6 for short, or
truncated 33 amino acids downstream of the palmitoylation
site also termed Mela(palm+33)-mGluR6 for short. In
further preferred embodiments the vector comprises a
chimeric OPNImw-mGluR6 or a chimeric opsin GPCR
comprising two opsins.

Some particularly preferred embodiments of
the vector express Mela(palm)-mGluR6é according to one of
SEQ ID NO 17, SEQ ID NO 19, SEQ ID NO 21, SEQ ID NO 23,
SEQ ID NO 25 and SEQ ID NO 27 or Mela(palm+33)-mGluR6, in
particular according Seq ID NO 15 or a Mela-mGluR6
addtionally comprising an intracellular loop, in
particular according to a sequence selected from SEQ ID
NO 29 or SEQ ID NO 31 under the control of an ON-bipolar
cell specific promoter, selected in particular from
200En-mGluR500P, 770En_454P (hGRM6) or 444En 454P (hGRM6)
promoter or the endogenous mGluR6 promoter of retinal ON-
bipolar cells or elements thereof.

Some embodiments of the vector comprise a
nucleic acid sequence encoding the AAV capsid according
fo the third aspect of the invention. In some preferred
embodiments the vector encodes the AAV capsid with a
peptide insert between N587 and R588 as described above.

In some preferred embodiments the vector
comprises the 770En-445P (hGRM6) promoter operably linked
tc a transgene encoding the chimeric opsin GPCR, and

further comprises a nucleic acid molecule expressing
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AAV2 (7m8) or AAVS (BP2) or AAV2 (NHAPNHC) or AAVZ (PRTPHTA).
In some of these and other emodiments the chimeric opsin
GPCR is preferably selected from
- a chimeric opsin GPCR comprising melanopsin or
hOPNlmw as upstream opsin and mGluR6é as target opsin
or a chimeric opsin GPCR comprising two opsins,
- a chimeric opsin GPCR selected from Mela(palm)-
mGluR6 or Mela (palm+33)-mGluR6
- a chimeric opsin GPCR according to a nucleic acid
sequence selected from the group comprising SEQ ID
NO 15, SEQ ID NO 17, SEQ ID NO 19, SEQ ID NO 21, SEQ
ID NO 23, SEQ ID NO 25 and SEQ ID NO 27 SEQ ID NO 29
or SEQ ID NO 31.

A particularly preferred embodiment of the
vector comprises or consists of the sequence according to
SEQ ID NO 79. In this embodiment of the vector it
comprises the exemplary hmela(palm) - mGluR6 transgene
according to SEQ ID NO 19 under the control of the 770En-
445P (hGRM6) promoter and further comprises a nucleic acid
sequence encoding the AAVE (BP2Z) capsid.

Whenever an embodiment of the vector
according to the fourth aspect of the invention refers to
a specific sequence according to a particular SEQ ID NO,
it is understood that variants of the specific seguence
as described above are included in these embodiments.

A fifth aspect of the invention relates to
carriers such as particles, in particular nano particles,
vesicles, cell lines - in particular excluding germ cell
lines - and animals comprising or expressing nucleic acid
molecules according to the second aspect, or vectors
according to the third aspect or comprising the chimeric
opsin GPCR according to the first aspect.

In some embodiments of the fifth aspect of
the invention a transgenic animal, in particular a
transgenic mouse or a transgenic cell line is provided.
The transgenic animal or the transgenic cell line

comprises the nucleic acid molecule of the second aspect
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of the invention or the vector of the fourth aspect
and/or it expresses the chimeric opsin GPCR protein
according to the first aspect of the invention.

Some embodiments of the transgenic cells are
derived from a suitable cell line for expressing the
chimeric opsin GPCR protein such as a stem cell line
which optionally excludes transgenic germ cell lines or
an organotypic cell line. In particular, a suitable cell
line is selected from the group of cell lines comprising
- HEK293-GIRK cells,

- inner retinal neurons, in particular ON bipolar cells,
- kidney cells and

~ cells expressing a G protein selected from Gs, Gg or
Giz/13.

Some embodiments of the transgenic animal or
the transgenic cell comprise a CRISPR/cas modified
genome. CRISPR/Cas genome editing is known to the skilled
person (see e.g. Vandemoortele et al. (2017), e.g. Long
et al. (2018), e.g. Hsu et al (2014), Cell 157(6):1262-
1278 and references therein).

In some embodiments of the fifth aspect, the
invention provides a carrier, in particular a particle or
a nanoparticle or a vesicle, for transfer of the chimeric
opsin GPCR or the nucleic acid molecule or vector
encoding it according to one of the previous aspects of
the invention to a target cell.

In some embodiments the carrier comprises a
nucleic acid molecule according to the second aspect or a
vector according to the fourth aspect comprising the
transgene encoding the chimeric opsin GPCR according to
the first aspect of the invention or it comprises the
chimeric opsin GPCR protein according to the first aspect
of the invention. In some embodiments, the carrier is a
nano- or a micro-particle, that is in particular suitable
for use with a gene gun. In some of these and other

embodiments the carrier is a gold particle.
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In this text, the carrier for transfer of the
chimeric opsin GPCR protein or the nucleic acid molecule
or vector, 1s also referred to shorter as “carrier for
transfer”. The carrier for transfer refers to any
sultable chemical or physical structure that is capable
of attaching or packaging the chimeric opsin-GPCR protein
or nucleic acid molecule or vector comprising the
transgene encoding the chimeric opsin GPCR suitable for
its transfer to a recipient genome of a target cell or
target organism of a human or non-human animal.

Exemplary embodiments of the carrier for
transfer are vesicles and particles, in particular micro-
or nano- particles. Exemplary vesicles include e.g.
membrane vesicles of biological or synthetic origin.
Exemplary particles, are in particular micro- and nano-
particles that are suitable for use with a gene gun and
include e.g. gold particles coated with the chimeric
opsin GPCR protein or the chimeric nucleic acid encoding
it, in particular as an adsorbed or as a covalently
attached ligand (O’Brian and Lummis, 2011). In some
empbodiments of the carrier it comprises the transgene and
a CRISPR/cas cassette, i.e. a plasmid encoding a Cas
enzyme such as e.g. Cas9 and one or more guide RNA(s)
(gRNA), particularly single guide RNA(s) (sgRNA), or a
plasmid encoding a Cas enzyme, in particular Cas9, to be
combined with a separate transfection of one or more
gRNAs, particularly sgRNAs.

In some of these and other embodiments of the
invention, the carrier comprises a nucleic acid sequence
according to the second aspect of the invention or a
vector according to the fourth aspect of the invention
comprising the transgene and a CRISPR/cas cassette.

In some preferred embodiments, the transgenic
animal or the transgenic cell or the carrier for transfer
described above comprise the transgene encoding a
chimeric melnaopsin-mGluRé (Mela-mGluR6), in particular

Mela (palm)-mGluR6 or Mela (palm+33)-mGluR6é or a chimeric
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OPNImw-mGluR6 or a chimeric opsin GPCR comprising two
opsins.
In some further preferred embodiments, the
transgenic animal or the transgenic cell or the carrier
for transfer described above, the transgene encodes a
chimeric Mela-mGluR6 selected from the group comprising:
- a Mela(palm)-mGluR6, in particular according to one of
the sequences selected from the group comprising SEQ
ID NO 17, SEQ ID NO 19, SEQ ID NO 21, SEQ ID NO 23,
SEQ ID NO 25 and SEQ ID NO 27 or

- a Mela(palm+33)-mGluR6, in particular according to SEQ
ID NO 15 or

- a Mela-mGluR6 addtionally comprising an intracellular
loop, in particular according to a sequence selected
from SEQ ID NO 29 or SEQ ID NO 31.

Whenever an embodiment of the carriers, cells
or animals according to the fifth aspect of the invention
refers to a specific sequence according to a particular
SEQ ID NO, it is understood that variants of the specific
sequence as described above are included in these
embodiments.

A sixth aspect of the invention relates to a
method of genetically engineering the nucleic acid
molecules of the second aspect encoding the chimeric
opsin GPCR proteins of the first aspect of the invention.

In addition the sixth aspect of the invention
relates to a method of engineering a nucleic acid
molecule encoding a chimeric C-terminal peptide
comprising a proximal region of an upstream opsin CT, in
particular according to the first aspect of the invention
and a target GPCR CT.

The conserved 3D structure common to all GPCR
proteins and in particular also the ubiquitously
conserved motifs in GPCRs, such as E(D)RY around junction
TM3/IL2, E around junction of IL3 with TM6, NPxxY around
the distal end of TM7 and NR(K)Q around the proximal end

of helix 8 or partially conserved elements such as
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palmitoylation sites at the distal end of H8 and further
conserved elements between GPCRs are easily identified by
sequence alignment with the prototype GPCR bovine
rhodopsin.

Exemplary suitable splicing sites are also
readily identified by optional structural alignment of
transmembrane domain / intracellular domain junctions
GPCR and by scanning the sequences in particular around
junctions between the transmembrane and intracellular
domains for conserved sequence motifs.

Preservation or reconstitution of conserved
motifs or functional variants thereof of one or more
selected parent GPCR (parent opsin/parent target GPCR) at
chimeric junctions between them results with high
probability in a functionally active chimeric GPCR.

Accordingly, in the sixth aspect of the
invention, an efficient and simple method of genetically
engineering and designing chimeric GPCRs with the desired
functionalities such as light sensitivity of opsins,
correct intracellular trafficking, efficient G-protein
binding and G-protein specificity of target GPCRs 1is
provided. The method requires only a single obligatory
fusion site between the upstream opsin and the target CT.
The desired truncation site of the upstream opsin is
readily identified based on knowledge of a) the location
of HB8 or one or more palmitoylation sites - or “putative”
palmitoylation site(s) corresponding to one of the
palmitoylation sites in bovine rhodopsin as described
above or by counting 7 tec 13, in particular 8 to 12, more
particularly 9 to 11 or approx. 10 amino acids downstream
of the NR(K)Q site and b) knowledge of the location of
the C-terminus of the target GPCR.

The conserved 3D structure despite minimal
sequence homology among GPCRs of different classes
demonstrates an enormous tolerance of amino acid sequence
variation in functional domains of GPCR proteins.

Furthermore, engineering functional chimeric opsin GPCRs
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is simplified by splicing at or around conserved

structural elements or motifs while preserving the

conserved sequence or functional analogs thereof obtained

e.g. by conservative aminc acid substitutions. In some

embodiments splicing sites are deliberately positioned at

corresponding positions within conserved motifs of the

parent GPCR and reconstituted in the same or a

functionally equivalent version. This rational applies in

particular to splicing at the NR(K)Q motif or at a

palmitoylation site positioned around the proximal and

distal ends of the O-CT-proximal region, respectively.

Some embodiments of the method of engineering
the nucleic acid molecule according to the second aspect
of the invention, prior to the selection of a truncation
site in the upstream opsin CT and/or a cutting site in
the target GPCR CT, conserved motifs in one or both of
the parent GPCRs and the genes encoding them are
identified by including the steps of
- aligning the amino acid seguence of the upstream opsin

(or a fragment thereof) with the amino acid segquence
of the target GPCR (or a fragment thereof) using a
sequence alignment tool,

- determination of amino acid positions constituting a
conserved motif selected in particular from the group
of conserved motifs comprising E(D)RY, E around the
junction of IL3 with TM6, NPxxY around the TM7/CT
junction, NR(K)Q and palmitoylated C in the CT and -
provided the target GPCR is an opsin - K for binding
of a chromophore in TM7.

In some of these embodiments, the amino acid
sequence of the opsin is optionally aligned with the
amino acid sequence of bovine rhodopsin for
identification of amino acid positions constituting a
conserved motif. Suitable alignment tools include e.g.
Clustal Omega (EMBL-EBI) and other alignment tools as

described above.
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In some of these and other embodiments of the
method of engineering the nucleic acid molecule encoding
the chimeric opsin GPCR or the peptide comprise prior to
the selection of a truncation site in the upstream opsin
CT and/or a cutting site in the target GPCR CT an
identification of conserved 3D GPCR domains or
subdomainsg, in particular a subdomain helix 8, in one or
both of the parent opsin and the parent target GPCR
comprising the step of inputting the primary amino acid
sequence into a program for prediction of secondary /
tertiary protein structure. Suitable programs are
available in the art such as e.g. YASPIN (Lin et al.,
2005) or another program selected e.g. from the following
list https://molbiol-
tools.ca/Protein tertiary structure.htm or Kuhlmann et
al., 2019) or the Schrodinger software package
(https://www.schrodinger.com/prime). Methods available in
the art as described above, in particular including
recombinant nucleic acid technology, recombinant cloning
design in silica and chemical nucleic acid synthesis, are
known to the person skilled in the art.

Accordingly, in the sixth aspect of the
invention a method of genetically engineering a nucleic
acid molecule is provided, that encodes a chimeric opsin
GPCR protein or a peptide, in particular as described
above, that comprises a chimeric C-terminal domain
(chimeric CT) comprising a truncated opsin CT comprising
an O-CT-proximal region and that further comprises an
essentially complete target GPCR CT or a functional
derivative thereof. The chimeric CT is derived from a
parent upstream opsin CT and from a parent target GPCR
CT. The method of genetically engineering comprises the
steps:

A-1 selecting a truncation site (x) in the CT of the
parent upstream opsin at an amino acid position

at the distal end of the O-CT-proximal region or
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within a distal extension to the O0-CT-proximal
region proximal region,

A-2 obtaining a nucleic acid molecule encoding an
upstream opsin portion or a peptide with a
truncated CT that is truncated at the selected
truncation site;

B-1 selecting a cutting site (y) within a proximal
region of the target GPCR CT, in particular at or
upstream of an NR(K)Q motif or between an NPxxY
and a NR(K)Q motif,

B-2 obtaining a nucleic acid molecule encoding a
target GPCR CT or a functional variant in
particular a functional fragment thereof; and

C-1 fusing the nucleic acid molecule enceding the
truncated opsin-CT obtained in step A-2 with the
nucleic acid molecule encoding the target CT or
the functional variant thereof obtained in step
B-2.

In some embodiments of the method of
genetically engineering the nucleic acid molecule
encoding the chimeric opsin GPCR or the peptide in step
A-1 the truncation site (x) fulfills one of the following
criteria:

- the truncation site (x) is positioned at a nucleotide
located at or at least 7 or 8 or 9 or 10 or 11 or 12
or 13 amino acids downstream of the NR(K)Q motif,

- the truncation site (x) 1s positioned downstream of
and in particular distally adjacent to the
palmitoylation site or an amino acid corresponding to
a palmitoylation site

- the truncation site is positioned up to at most 45 or
47 or 49 nucleotides downstream of the NR(K)Q motif.

In some embodiments of the chimeric opsin
GPCR, in particular in embodiments with an upstream opsin
comprising an extensive C-terminus with an unusually
large number of amino acids, such as melanopsin, the

truncation site (x) is positicned at an amino acid
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position downstream of the distal end of the 0-CT-
proximal region in particular at a distal end of a distal
extension to the O0-CT-proximal region according to the
description above. The distal end of the distal extension
to the 0-CT-proximal region is positioned in particular
up to 30 or 31 or 32 or 33 or 34 or 35 amino acids
downstream of the distal end of O-CT-proximal region or
up to at most 45 or 47 or 49 nucleotides downstream of
the NR(K)Q motif, respectively.

In some embodiments comprising an upstream
opsin with an extensive CT such as melandopsin, the
truncation site (x) is positioned downstream of a cluster
of conserved phosphorylation sites that contribute to
response termination of photoactivation. Such conserved
phosphorylation sites are in particular located between
amino acid positions corresponding to positions 381 and
397 of mouse melanopsin as described by Mure et al. 2016.
In other words, in these embodiments the distal end of
the distal extension to the O-CT-proximal region is
preferably selected downstream of or in particular
distally adjacent to the distal end of said cluster of
conserved phosphorylation sites.

In some embodiments of the method of
genetically engineering the nucleic acid molecule
encoding the chimeric opsin GPCR or the peptide, the
truncation site x in the upstream opsin selected in step
A-1 and the cutting site y of the target GPCR selected in
step B-1 are both positioned at their respective
palmitoylation sites or at an amino acid position
corresponding tc the palmitoylation site or are both
positioned between 7 and 13, in particular between 8 and
12, more particularly between 9 and 11 or at 10 amino
acids downstream of the NR(K)Q site.

Some embodiments of the method of genetically
engineering the nucleic acid molecule enceding the
chimeric opsin GPCR or the peptide comprise one or more

additional step for exchanging or partially exchanging
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one or more intracellular loop, e.g. for replacing at
corresponding positions, one or more intracellular loop
or partial intracellular loop of the upstream opsin by an
intracellular loop or partial intracellular loop of the
target GPCR.
wherein in particular one or more splicing site is
selected from the group of splicing sits positioned at
-~ a junction a and a junction b for exchange of IL1,
~ a junction ¢ and a junction d for exchange of ILZ,
- a junction e and a junction f for exchange of IL3,
~ two splicing sites within IL3 that remove a highly
variable region of the upstream opsin IL3 in
exchange for IL3 of the target GPCR.

A seventh aspect of the invention relates to
medical applications using the above described products
related to the chimeric opsin GPCR. The medical
applications include in particular medicaments and
methods for treatment of a human or a non-human
individual in need thereof. The products according to all
previously described aspects and embodiments of the
invention are applicable to the seventh aspect, i.e. for
medical applications.

The products according to the above described
aspects of the invention applicable for medical use , in
particular for use in gene therapy, are selected from a
group of products comprising

- a chimeric opsin-GPCR protein according to the
first aspect of the invention

~ a nucleic acid molecule encoding said opsin GPCR
protein according to the second aspect of the
invention

- a capsid or a nucleic acid molecule encoding said
capsid according to the third aspect of the
invention

- a vector according to the fourth aspect of the

invention
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- a carrier or a cell according to the sixth aspect
of the invention.

In some embodiments, the seventh aspect of
the invention relates to medical treatment, in particular
in the form of a gene therapy, of patients suffering from
partial or complete loss of vision. In some of these
embodiments the products comprise or encode a chimeric
opsin GPCR comprising an opsin and mGluR6 or comprising
two opsins.

In this text, embodiments comprising two
opsins, i.e. comprising an upstream opsin and a target
opsin, are also termed chimeric opsin-opsin (GPCRs) for
short. Embodiments comprising an upstream opsin and
mGluR6 are also termed opsin-mGluR6 for short.

Some preferred embodiments of the chimeric
opsin-mGluR6 for medical treatment comprise melanopsin or
any other opsin - such as e.g. box jelly fish opsin,
parapinopsin or jumping spider rhodopsin or a humanized
variant thereof or a cone opsin - as upstream fused to
mGluR6 as the target GPCR. Some other preferred
embodiments of the chimeric opsin GPCR for medical
treatment comprise two opsins and include in particular
any opsin fused to the target GPCR derived from a cone
opsin or rhodopsin.

In some of these preferred and in further
embodiments of the chimeric opsin-mGluRé6 for medical
treatment, the upstream opsin is truncated at a distal
end of an O-CT-proximal region, in particular at a
palmitoylation site as described above such as e.g. in
the exemplary Mela(palm)-mGluR6 described herein; in
other of these preferred and further embodiments the
upstream opsin is truncated at a distal end of a distal
extension to the O0-CT-proximal region, in particular
approx. 33 aminoc acids downstream of the palmitoylation
site as described above such as e.g. in the exemplary
Mela (palm +33AA)-mGluR6 described herein.
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In some of preferred embodiments of the
medical use according to the seventh aspect of the
invention, in particular the gene therapy, to improve
vision, to treat partial or complete loss of vision
according to the seventh aspect of the invention, the
transgene 1is operably linked to an ON-bipolar cell
specific promoter, in particular to a 770En_454P (hGRM6)
or to a 444En 454P (hGRM6) promoter.

In some of preferred embodiments of the
medical use according to the seventh aspect of the
invention to treat partial or complete loss of vision, a
vector for gene therapy, in particular an rAAV vector, is
applied. In some of these and other embodiments an AAV
capsid, in particular AAV2 (7m8), AAV2(BP2) or an AAV2
with a peptide insert as described above is applied.

In some embodiments of the seventh aspect of
the invention, the chimeric opsin GPCR is for use in
medical treatment of patients suffering from partial or
complete loss of vision, a medical indication for the
treatment is in particular selected from the group
comprising retinitis pigmentosa (RP), age-related macular
degeneration and any other form of photoreceptor
degeneration.

The seventh aspect of the invention further
relates to a pharmaceutical composition comprising a
product according to the invention. In particular the
pharmaceutical composition is provided in a suitable
pharmaceutical formulation for administration into the
eye.

In an exemplary embodiment, an AAV vector as
described above 1s dissolved in a buffered saline
solution for either sub-retinal or intra-vitreal
injection into the eye. In some exemplary embodiments the
AAV is dissolved in buffered saline (PBS) with 0.04%
Tween-20 as gene therapeutic formulation.

Furthermore, the seventh aspect of the

invention relates to a method of treating a human
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individual or a non-human individual, in particular an
animal, in need thereof comprising the administration of
a product selected from the group of products according
to the invention. In some embodiments of the method, the
chimeric opsin GPCR is administered by an intravitreal
administration, in particular by an intravitreal
injection, or by a sub-retinal administration.

In this text, the term intravitreal
administration relates to a route of administration of a
pharmaceutical agent, such as for example a nucleic acid
molecule, a vector or a carrier for transfer, in which
the agent is delivered into the vitreous body of the eye.
Intravitreal administration is a procedure to place a
medicament directly into the space in the back of the eye
called the vitreous cavity, which is filled with a jelly-
like fluid called the vitreous humour gel.

In this text, the term sub-retinal
administration relates to a route of administration of a
pharmaceutical agent, particularly a virus in the context
of this specification, into the space between retinal
pigment epithelium cells and photoreceptors.

The seventh aspect of the invention further
relates to the use of the products according to the
invention in the manufacture of a medicament for medical
therapy to improve vision, or for the treatment of
partial or complete blindness, or for the treatment of
retinitis pigmentosa (RP), or for the treatment of
macular degeneration or for the treatment of other forms
of photoreceptor degeneration.

The seventh aspect of the invention also
related to a medical application as described above
comprising a preoduct selected from the group of products
comprising

- a chimeric opsin-GPCR protein according to the

first aspect of the invention
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- a nucleic acid molecule encoding said opsin GPCR
protein according to the second aspect of the
invention

- a capsid or a nucleic acid molecule encoding said
capsid according to the third aspect of the
invention

- a vector according to the fourth aspect of the
invention

- a carrier or a cell according to the sixth aspect
of the invention,

wherein the product comprises a chimeric opsin GPCR

protein or comprises a nucleic acid molecule comprising a

nucleic acid sequence encoding said chimeric opsin GPCR

protein,

wherein the chimeric opsin GPCR protein is selected from

the group comprising

- a Mela(palm)-mGluR6, in particular according to a
sequence selected from the group comprising SEQ ID NO
18, SEQ ID NO 20, SEQ ID NO 22, SEQ ID NO 24, SEQ ID
NO 26 and SEQ ID NO 28 or

- a Mela(palm+33)-mGluR6, in particular according to SEQ
ID NO 16 or

- a Mela-mGluR6 addtionally comprising an intracellular
loop, 1in particular according to a sequence selected
from SEQ ID NO 30 or SEQ ID NO 32.

Whenever an embodiment of a medical
application according to the seventh aspect of the
invention refers to a specific sequence according to a
particular SEQ ID NO, it is understood that variants of
the specific sequence as described above are included in
these embodiments.

Below non-limiting, further exemplary details
relating to some embodiments of the invention are
presented e.g. in examples, tables, sequence listings,
dependent claims, figure legends and figures. These
exemplary embodiments are illustrative and not meant to

limit the scope of the invention.
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Wherever alternatives for single separable
features are described as “embodiments”, 1t is to be
understood that such alternatives may be combined freely
and still remain within the scope of the invention
described herein.

Regarding some exemplary embodiments of the
chimeric opsin GPCR protein with melanopsin as upstream
opsin with a truncated CT, an exemplary truncation site
is identified in the human and murine melanopsin amino
acid sequences shown below. This truncation site is
prositioned at 33 amino acids downstream of the
palmitoylation site (palmitoylated cysteine). This
exemplary truncation site is termed “palm+33AA” site and
it forms the distal end of the distal extension to the 0-
CT-proximal region.

In the sequence sections of the human and
murine melanopsin gene (OPN4) shown below, the amino acid
seguences of the C-terminal melanopsin fragment start at
the proximal end of the O-CT-proximal region, i.e. at the
NR(K)Q motif (which in hOPN4 and mOPN4 is HPK). The
palm+33AA truncation site is indicated by a downward
arrow at amino acid position 397. The following amino
acid residues are framed:

- the conserved HPK, i.e. the NR(K)Q motif
- the palmitoylated cysteine
- the conserved phosphorylated serine and threonine

residues upstream of the truncation site.

hOPN4 - SEQ ID NO 57

.. [HPKYRVAIAQHLPILGVLLGVSRRHSRPY PSYRSTHRSTILTSHITSNL  (3974)
SWISIRRRQESLGSESEVGWTHMEARAVWGAAQQANGRSLYGQGLEDLEAKAPPRPQ
GHEAETPGKTKGLIPSQDPRM

mCPN4 - SEQ ID NO 58

.. [HPKYRVATAQHLPCJLGVLLGVSGORSHPSLS)YRSTHRSTILS SIS SIPL.y (3974)

SWISGRKRQESLGSESEVGWTDTETTAAWGAAQQASGQSFCSONLEDGELKASSSPQ
TKGHLESLDLGM

In other exemplary embodiments of the

chimeric opsin GPCR, in particular chimeric melanopsin
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GPCR, the truncation site of the truncated CT may be
positioned at any amino acid position upstream of the
“palm+33AA” site or further downstream, e.g. up to e.g.
34 or 35 amino acids downstream of the palmitoylation
site.

Exemplary relevant conserved sites of parent
opsins and parent target GPCRs that advantageously are
conserved or reconstituted as functional derivatives in
the chimeric opsin~GPCRs are provided below in the
following Table I.

Exemplary tested splicing sites that yield
functional chimeric opsin GPRC proteins are presented
below in the following Table II.

In some embodiments splicing sites are placed
at conserved motifs or sites in both parent GPCRs.

In some embodiments conserved motifs or sites
serve as reference point for the identification of
suitable splicing sites. Such splicing sites will be
located at an equivalent distance to a particular
conserved motif or site in both parent GPCRs such as the
exemplary palm+33 site described above.

Generally, sequences of parent opsins are
aligned based on conserved sites for the identification
of suitable splicing sites to join domains or subdomains
of two parent GPCRs (e.g. by cutting and subsequent
ligation or by nucleic acid synthesis of the in silico
designed chimeric opsin GPCR).

In some embodiments, where a parent opsin lacks
known palmitoylation sites, both palmitoylatable sites or
sites corresponding to palmitoylation sites in bovine
rhodopsin were aligned to identify sites as suitable for

splicing or as reference point.
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Examples

Figures 5 to 12 show besides microscopic
visualizations results from three different experimental
approaches applied to prove the function of the chimeric
opsin GPCR proteins:

In-vitro:

1.HEK-GIRK patch-clamp GBy activity assay:
Functional opsins were expressed in a HEK293 cell line
stably expressing GIRK (Kir3.1/3.2) potassium channels. A
light stimulus activates the opsin, which activates
endogenous intracellular Gi/o-proteins. The activated GPy
proteins in turn open GIRK ion channels resulting in an
electrical response that is time-locked to the light
stimulus and can be recorded. For a detailed description
of the method refer to (van Wyk et al., PLoS Biol 2015)

2.Go~-specificity biocluminescence plate reader
assay: Each opsin was co-expressed with reporter-
expressing plasmids in a HEK293 cell line. Similar to the
GIRK assay, activated opsins activate G-proteins that in
turn inhibit or activate enzymes that generate cAMP (Gs
and Gi) or Ca2+ (Gg). The accumulation of these products
(cAMP and CaZ2+) can be measured by the light emittance of
a bioluminescent protein activated by cAMP or CaZ2+,
respectively. To visualize changes in Gs and Gi activity,
PcDNAS/FRT/TO Glo22F was used as reporter plasmid, whilst
for changes in Gg signaling, pcDNAS/FRT/TO mtAeg was used
as reporter plasmid. Luciferase or Coelenterazine,
respectively, were added as substrate and changes in cAMP
(Gs and Gi) or Ca2+ (Gg) levels indicated by changes in
luminescence measured with an Infinite F200Pro Tecan
plate reader (Mannedorf, Switzerland). To normalize the
light-induced fluorescence changes to the opsin
transfection levels, the absolute changes in fluorescence
were divided by the overall mCitrine re-porter
fluorescence of the respective well of the measured

plate.
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Ex-vivo:

We have recorded light responses from mouse
retinal neurcons in retinas without photoreceptor cells
(rdl retinitis pigmentosa mouse, C3H/HeOuJ mouse line)
where these opsin proteins were introduced to the
surviving retina by an AAV gene therapy (cf. van Wyk et
al. (2015) and legend of Fig. 11 below).

In-vivo:

We recorded behavioral optokinetic reflexes
from mouse models with photoreceptor degeneration where
these opsin proteins were introduced to the surviving
retina by an ARV gene therapy (cf. legend to Fig. 10
below) .

Detailed Description of the Figures

The invention will be better understood and
obijects other than those set forth above will become ap-
parent when consideration is given to the following de-
tailed description thereof. Such description makes refer-

ence to the annexed drawings, wherein:

Fig. 1: General structure of an opsin.

Fig. 1 shows a schematic drawing of a general
structure of a parent opsin with seven transmembrane
domains TM1 to TM7, extracellular domains, N-terminus NT
and extracellular loops EL1, EL2 and EL3 as well as
intracellular domains C-terminus CT and intracellular
loops IL1, IL2 and IL3. Junctions between the TM domains
and intracellular domains at a border between membrane
and cytoplasm are indicated as junctions (a) to (g).
Opticnal splicing sites for an opsin-GCPR chimeric
protein may be located e.g. at these junctions for
exchange of intracellular loops. Furthermore, a conserved
subdomain of the CT, helix 8 (H8) in a proximal region of
the CT is indicated as well as are several conserved

sequence motifs present in opsins, in particular:
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-~ an ionic lock between a E(D)RY site at the cytoplasmic
border of TM3 linked to a glutamate residue (E) at the
Jjunction (f) between IL3 and TM6,

~ a chromophore binding pocket with a lysine residue (K)
in TM7 bound to a chromophore 1ll-cis-retinal via a
Schiff base and a negative counterion, typically a
glutamate, in TM3 stabilizing the Schiff base,

— a NPxxY motif at the C-terminal end of TM7,

— one or more palmitoylation site(s) (C) at a distal end
of HS§,

— C-terminal phosphorylation sites (P)in a cytoplasmic
region of the CT,

In addition, Fig. 1 indicates three exemplary
truncation sites in the CT, (x-1), (x-2) and (x-3), as
examples.

The depicted truncation site (x-1) is located
at a distal end of H8 and distally adjacent to a
palmitoylated cysteine residue corresponding to the
palmitoylation site in bovine rhodopsin (C322 or C323).
The depicted truncation site (x-2) is located downstream
of the palmitoylation site, for melanopsin 33 amino acid
downstream of the palmitoylation site or up to 40, 41,
42, 43, 44 or 45 amino acids downstream of the NR(K)Q
motif. The depicted truncation site (x-3) lies within or
directly distal to the NR(K)Q motif. Other not depicted
truncation sites are in particular located at amino acid
positions between (x-1) and (x-2)or between (x-3) and (x-

1).

Fig. 2: Scheme of an exemplary chimeric opsin
GPCR.

Figure 2 shows an exemplary embodiment of the
chimeric opsin GPCR requiring only minimal genetic
engineering with only a single splicing site (x-1) where
the truncated C-terminus cf an exemplary parent upstream
opsin is cut distally adjacent to the palmitoylation site
and is fused with the CT of an exemplary target GPCR;
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alternative exemplary splice sites such as (x-2) and (x-
3) are indicated and described in Fig. 1

The exemplary embodiment shown in Fig. 2
further comprises additional sequences that may be
optionally added at the very distal end of the C-
terminus. Such optional additional sequences may encode
marker proteins (e.g. fluorescent proteins) or
trafficking sequences (e.g. Golgili and ER export signals
or membrane trafficking sequences). In further exemplary
embodiments not shown here optional additional splicing
sites can be introduced around junctions (A’)-(G")
between the TM domains (TM1 to TM7) and the extracellular
domains (NT, EL1 to EL3) for extracellular domain
exchange with human opsin domains to reduce antigenicity
of the protein in a potential human therapy if nun-human
opsins re used.

Fig. 3: Exemplary embodiment of a chimeric
opsin mGluR6.

(A): Figure 3 shows an exemplary embodiment
of a melanopsin-mGluR6 chimeric GPCR with a chimeric C-
terminus, containing the truncated melanopsin C-terminus
up to and including the palmitoylation site (C) followed
distally adjacent to the palmitoylation site in distal
direction first by the full-size mGluR6 CT, then next
followed by the mKate2 fluorescent marker and finally by
an additional Golgi export signal and a rhodopsin
membrane trafficking sequence located at the very distal
end of the target CT. Further, IL1 of melanopsin has been
replaced in full by that of mGluRé at cutting splicing
sites positioned at the junctions a and b, whereas the
full TIL3 of mGluR6 has been introduced at splicing sites
positioned within a highly variable region of the longer
IL3 of melanopsin.
In this exemplary embodiment the short IL3 of mGluR6 is
introduced intc the least conserved region of the longer
IL3 of melanopsin under the rationale that variable

regions determine the functional differences, i.e. here
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potentially G-protein specificity. Indeed this embodiment
with a chimeric opsin mGluR6 IL3 enhances the
functionality compared to mela(palm)mGluR6 introduced
into the opsin IL3 as demonstrated in Fig. 6B.

(B)-top: Alignment of melanopsin genes (OPN4)
from different species (from DOI:
10.1371/journal.pone.0025111)indicating the hypervariable
regions in IL3 between TM5 and TM6.

(B)-bottom: The insertion location of IL3 of
mGluR6. Arrows pointing down indicate the cutting sites
in mouse melanopsin (M. OPN4) utilized here, arrows
pointing up indicate the junctions e and f indicated in
A,

Fig. 4: Exemplary embodiments of chimeric
opsin GPCRs target to the cell membrane.

To confirm proper intracellular trafficking
to the plasma membrane, opsin-mGluRé6-mKate2 fusion
proteins were generated wherein the fluorescent reporter
protein (mKate2) was used to study protein localization.
The fusion proteins were expressed in HEK293 cells. By
comparison of differential interference contrast
microscopy images (A,C) with fluorescent images (B,D), it
was verified that the Opsin-mGluR6 proteins were located
in the cell membrane. This is shown with two different
chimeric opsin GPCR proteins, namely a melanopsin-mGluR6-
mKate?2 chimeric GPCR in (A,B) and with a Jellyfish Opsin-
mGluR6-mKate? chimeric GPCR in (C,D). In both chimeric
GPCRs the truncation site is positioned distally adjacent

to the palmitoylation site of the melanopsin CT.

Fig. 5: Exemplary embodiments of chimeric
opsin mGluR6 with a chimeric C-terminus showing increased
light~activated currents mediated by opsin-mGluRé6s as
compared to the parent opsin.

Various exemplary chimeric opsin-mGluRé6
constructs (lacking additional trafficking sequences)

were transiently transfected into a HEK293 cell line
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stably expressing GIRK1/2 channels (potassium channels
that are directly opened by activated G-proteins of the
Gi/o family). When cells are patch-clamped in voltage-
clamp mode (-75mV holding potential), a 470nm light
stimulus (1 x 101% photons cm™? sec™!) presented for 5s
activates an inward GIRK current depicted for the
variants in the histograms. The relative sizes of GIRK
currents activated by different constructs (normalised to
the size of the patched cell in pF) are indicated. Stars
indicate significance levels determined by a Student’s t-
Test (* ps0.05, ** p<0.01)

(A) Middle-wave cone opsin (OPNIMW) induced
GIRK currents are significantly smaller than those
induced by chimeric OPNIMW (palm)-mGluReCT.

(B) Comparative light-activated GIRK currents
by melanopsin variants, 1 = unmodified melanopsin, 2
melanopsin cut at the palmitoylation site with added CT
mGluR6, 3 = in addition the full IL1 of melanopsin has
been replaced with that of mGluRé, 4 = in addition the
full mGluR6 IL3 has been placed into the variable
position of the long IL3 of melanopsin. The C-terminal
addition of the mGluR6é C-terminus significantly increases

the light-induced GIRK currents.

Fig. 6: Example of in-vitro functional
screening of chimeric opsin GPCRs using HEK-GIRK cells.

Transfected HEK-GIRK cells with opsin-target
GPCR chimeras were assessed for their ability to activate
the Gi/o G-protein signaling as described in Van Wyk et
al. (2015). Shown are example light responses in patch-
clamp traces recorded from HEK-GIRK cells transfected
with various Opsin~GPCR variants carrying in addition to
the target GPCR CT also an mKate fluorescent protein and
additional Golgi and membrane trafficking sequences
(light stimulus presented as black horizontal lines;
470nm; 1 x 10* photons/sec/cm?). (A) Prototype Opto-
mGluR6 (WO 2012/174674 Al and van Wyk et al. (2015)), (B)
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Mela (palm+33AA) -mGluR6, (C) Mela(palm)+IL1-mGluR6, (D)
Mela (palm)+IL3-mGluR6, (E) Mela (palm)-mGluR6, (F)
JellyOP (palm)-mGluR6, (G) OPNIMW (palm)-mGluR6, (H)
Mela(palm)-OPNIMW(IL1, IL2, IL3, CT).

¥Fig. 7: Plate reader experiments probing for
G-protein re-targeting and pathway selectivity of
exemplary embodiments of chimeric opsin GPCRs.

We co-transfected HEK293 cells with Opsin-
GPCR chimeras reporter-expressing plasmids and assessed
their Go-specificity in a bioluminescence plate reader
assay. Similar to the GIRK assay, activated opsins
activate G-proteins that in turn inhibit or activate
enzymes that generate cAMP (Gs), reduce cAMP (Gi/o) or
increase intracellular Ca2+ (Gq). The accumulation of
these products (cAMP and Ca2+) can be measured by the
light emittance of a bioluminescent protein activated by
cAMP or Ca2+, respectively. Light application (480 nm, 10
seconds) 1s indicated by the black arrows. To normalize
the light-induced fluorescence changes to the opsin
transfection levels, the absolute changes in fluorescence
were divided by the overall mCitrine reporter
fluorescence of the respective well of the measured
plate. Black arrows indicate light stimulation. (A,B)
Preference for Gi/o (A) and Gg (B) coupling of
Mela (palm)-mGluR6 (black traces) and unmodified
melanopsin (grey traces). Note that in (A), intracellular
cAMP was first enhanced by addition of forskolin
(stimulating adenylate cyclase) so that cAMP reduction by
the light-activated chimeric protein can be measured. The
graphs show, that the exchange of the C-terminus of
melanopsin by that of mGluR6 at the palmitoylation site
shifts the G-protein preference from Gg (melancpsin) to
Gi/o (mGluR6). Inserting the C-terminus of mGluR6 at the
palmitoylation site of melanopsin shifts the G-alpha
subunit preference from Gg to Gi/o. (C) Gi/o vs. Gs

coupling preference of JellyOP unmodified (grey traces)
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compared to JellyOP(palm)-mGluR6 (black traces). PTX is
an inhibitor of Gi/o, indicating that JellyOP binds to Gs
only (no change in signal without (e) and after addition
of PTX (HB)), whereas JellyOP(palm)-mGluR6 clearly binds
to Gi/o, visible as the differential luminance values
(A)before addition of PTX (e)and clearly increased after
addition of PTX (H). Inserting the C-terminus of mGluR6
at the palmitoylation site of jellyfish opsin shifts the
G-alpha subunit preference from Gs to Gi/o.

(D) JellyOP(palm)-5HT7 activates Gs efficiently indicated
by light-activated cAMP increase.Control: only mCitrine
expressing HEK293 cells, without light-activated chimeric
protein. (E) JellyOP(palm)-5HT7 expressed in pyramidal
cells of the anterior cingulate cortex reduce activity of
HCN channels and thereby depolarize the membrane
potential. This effect is identical to the effect of
pharmacological 5-HT7 stimulation (Santello et al.
(2015)). Data (bottom) from somatic patch-clamp
recordings (shown on top) of pyramidal cells from acute
slices of murine anterior cingulate cortex.
JellyOP(palm)-5HT7 has been introduced by an ARAVd] gene

therapy by stereotactic injection.

Fig. 8: Correct in vivo trafficking intoc the
ON-bipolar cell dendrites and the mGluR6é signalosome of
exemplary embodiments of chimeric opsin-mGluR6 variants.

Mice were treated with a gene therapy using
SsSAAVZ2 (7m8) (Dalkara et al. (2013)) and setting the
melanopsin-mGluR6 gene under control of the
770En_454P (hGRM6) promoter (EP19200082.6, attached to the
filing of this application). (A) Sketch indicating the
correct subcellular localization of chimeric opsin mGluRé
proteins in the dendrites of ON-bipolar cells, where also
native mGluR6 resides. (B) Mela(palm+33AA)-mGluR6-IRES-
TurboFP635 visualized with an anti-melanopsin antibody
(white) is clearly expressed in the dendrites of ON-

bipolar cells. The axons originating in the Ganglion cell



10

i5

20

30

WO 2021/105509 PCT/EP2020/083960

88

layer (GCL) are from ipRGCs (intrinsically photosensitive
retinal ganglion cells), naturally expressing melanopsin.
Mela (palm)-mGluR6-mKate? (C) and JellyOP(palm)-mGluR6-
mKate?2 (D) visualized with an anti-RFP antibody again
clearly indicate the dendritic localization of the
proteins. Opsin(palm) versions are sufficient to localize

the chimeric protein correctly in the target cell.

Fig. 9: Exemplary embodiments of chimeric
opsin-mGluR6 GPCRs render isoclated ON-bipolar cells
directly light sensitive.

Mice were gene-therapeutically treated with
Mela (palm+33AA) -mGluR6 and JellyOP(palm)-mGluRé and
retinas after enucleation digested with papain. Isolated
cells were plated on glass cover slips and patch-clamped
using the perforated patch technique. (A) Bipolar cells
were easily identified under DIC optics. (B) Transfected
bipolar cells were identified by co-expression of a
fluorescent reporter gene, here TurboFP635 visualized
under the fluorescent microscope. (C, D) Example patch-
clamp recordings from transduced ON-bipolar cells in
response to 2 seconds of blue light (470nm; 1 x 10714
photons per cm”2 per sec), indicated by the broken
vertical lines. (C) Two overlaid example traces in grey
and black from ON-bipolar cells expressing
Mela (palm+33AA)-mGluR6. In response to light, the cells
clearly hyperpolarize, indicative of direct activation of
the mGluR6 cascade negatively gating the TRPMI non-
selective cation channel. (D) Comparative patch-clamp
traces from an ON-bipolar cell expressing JellyOP(palm) -
mGluR6 (black trace) and a rod bipolar cell directly
activated by photoreceptors (grey trace) recorded in a
retinal slice. JellyOP(palm)-mGluR6 expressing bipolar
cells showed extremely fast kinetics, with a response
offset (Tau(off)) of 670 ms. This is virtually identical
to the response cffset of a bipolar cell under

photoreceptor activation (Tau(off)=570 ms in this
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example). Also the response onset of JellyOP(palm)-mGluR6
{(Tau(on)=90 ms) is virtually identical to the response
onset in a bipolar cell activated by photoreceptors (70
ms) . Endogenous, rapid kinetics is a clear indication for
correct localization of JellyOP(palm)-mGluR6 in the
mGluR6 signalosome and proper signal transmission within
the bipolar cell. Fits of kinetic parameters (Tau values)

are indicated by the red and green lines.

Fig. 10: In vivo measurements of visual
acuities of blind mice that were treated by an AAV gene
therapy with exemplary embodiments of chimeric opsin
mGluR6 variants.

The histograms indicates average visual
acuities (+ s.e.m.) of blind Retinitis pigmentosa rdl
(retinal degeneration C3H/HeOuJ line) mice treated by an
AAV gene therapy with different chimeric opsin-mGluR6
constructs indicated on the x-axis, wherein (palm) refers
to the truncation site positioned distally adjacent to
the palmytolation site in the CT of melanopsin, Jjellyfish
opsin and middle wave cone opsin, Mela(palm+33AA) refers
to the truncation site positioned distally adjacent to
amino acid position 33 downstream of the palmytolation
site in the melanopsin CT and wherein + IL1l or + IL3
refer to the presence of these subunits of mGluR6é in
addition to the CT of mGluR6 and finally wherein JellyOP
und OPNIMW refer to jellyfish opsin and human middle wave
cone opsin, respectively. C57BL/6 refers to non-injected,
seeing wildtype mice and is used as positive controcl. In
this test, the mouse is placed unconstrained on an
elevated platform surrounded by a virtual reality
(Striatatech, optokinetic drum) showing black and white
bars of changing spatial frequency (for details see
Prusky et al. (2004)). The tracking head movements
(optomotor reflex)of the mice are automatically monitored
by an infrared camera and analysed in order to quantify

the highest spatial acuity (cyc/deg) still perceived by
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the mice. Mela(palm)-mGluR6 injected mice perform
significantly better than their blind littermates (xdl).
All melanopsin-mGluR6 variant treated mice performed
equally well, also the JellyOP(palm)-mGluRé and

OPN1IMW (palm)-mGluR6 injected mice. Significance levels
were determined by a one-way ANOVA test and in the graph
the significance levels are indicated as: * ps0.05, ***
p<0.001 and n.s. not significantly different. In
summary, all constructs performed equally well in
significantly restoring spatial vision in blind rdl mice.
The gene therapy was performed with ssAAVZ (7m8) (Dalkara
et al (2013) vectors setting the chimeric opsin mGluR6
proteins gene under control of the 770En_454P (hGRM6)

promoter.

Fig. 11: Ex-Vivo Light responses recorded
from retinal ganglion cells in blind rdl retinas treated
with novel Opsin-mGluR6 constructs.

Cell-attached patch-clamp recordings were
performed ex vivo in whole-mount retinas. (A) Retinal
ganglion cell labeled intracellularly after patch-clamp
recordings for identification of cell type. (B) An
exemplary raster plot showing the spike responses of a
retinal ganglion cell in a rdl retina treated with the
Mela (palm+33AA) -mGluR6 chimera. Responses are not blocked
by the mGluR6 receptor agonist, L-AP4 (25uM), blocking
the input from photoreceptors to ON-bipolar cells. This
confirms that light responses are driven by
Mela (palm+33AA) -mGluR6. Light was applied for 2 seconds
between the stippled lines. Each horizontal line of bars
(numbered 1-8) indicates one recording. Each vertical
line corresponds to a recorded action potential of the
ganglion cell. Clearly, this cell increases action
potential firing when light is applied very reliably. (C)
Example spike-time-histograms of transient OFF, ON and
ON-QFF ganglion cells restored by Mela(palm)-mGluR6
expression in otherwise blind murine rdl retina. The
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restoration of the natural diversity of ganglion cells
responses to light - i.e. increase in spike frequency at
light offset (left) termed OFF-cell, increase in spike
fregquency at light onset (middle), termed ON-cell or
increase of firing at light on- and off-set (right),
termed ON-OFF cell - confirms restoration of endogenous
inner retinal function. (D) Multi-electrode array (MEA)
recordings from rdl retinal flat mounts of mice
transduced with different chimeric opsin mGluR6 proteins
variants. Shown are example raster plots (similar to B)
from selected electrodes (numbered 1-5)of repeated light
stimulation (duration of light stimulaticn indicated by
horizontal bars above the traces). rdl are untreated
litter mates with no changes in basal firing rate upon
light stimulation. In contrary, all retinas of chimeric
opsin mGluR6 proteins show prominent light-locked

responses.

Fig. 12: Micrograph of vertical cryosections
through the retinas from two treated degenerated mice
(rdl retinal degeneration mouse line C3H/HeOuJ) showing
hMela (palm)-mGluR6-IRES2-TurboFP635 expressing ON-bipolar
cells after an intravitreal gene therapy with AAV2
comprising the peptide inserts (a) NLAPRTPHTAAR and (b)
NLANHAPNHCAR between N587 and R588 of the viral VPl gene
encoding the AAV2 capsid. Expression of hMela(palm)-
mGluR6-IRES2-TurboFP635 is in both cases driven by the
770En_454P (hGRM6) ON-bipolar cell specific promoter.

Fig. 13: An exemplary JSR1(S186F)palm-betaZAR
chimeric opsin GPCR was expressed in HEK293-GIRK cells
and light-induced currents were measured with the whole-
cell patch-clamp method. 385 nm illumination induced GIRK
currents, whereas 550 nm light terminated activity due to
the bichromic nature of the bistable JSR1(S186F) mutant.
An analougous patch clamp experiment using the same
illumination performed with an exemplary hJSR(S186F)palm-
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GABAB2 chimeric opsin GPCR induced analogous GIRK
currents (data not shown).

cDNA and amino acid sequences for a selection
of exemplary embodiments of the chimeric opsin GPCRS as

presented in the overview of Table 3 below.
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In the amino acid sequences listed below
framed amino acids refer to conserved motifs and a grey

highlight refers to a palmitoylated Cys.

Embodiment (A): Mela(palm+33AA)-mGluR6é (based on murine
seguences)

Construction: Melanopsin was truncated after AA397 and
the mGluR6 C-terminus was added starting at the
NR{K)Q/HPE motif.

cDNA - SEQ ID NO 1
atggactctccttcaggaccaagagtctigtcaagettaactcaggateccagettcacaaccagtectgeectgeaaggeatttggaacg
gcactcagaacgtctccgtaagageccagettctetetgttagecccacgacatetgeacateaggetgetgectgggteeccttccccaca
gtcgatgtcccagaccatgctcactataccctaggcacggtgatcctgctggtgggactcacagggatgctgggcaatctgacggtcatct
acaccttctgcaggaacagaggectgeggacaccageaaacatgttcatcatcaacctegeagtcagegacttecteatgteagteacte
aggccccggtcttctttgccagcagcctctacaagaagtggctctttggggagacaggttgcgagttctatgccttctgcggggctgtcttt
ggcatcacttccatgatcaccctgacagccatagccatggaccgctatctggtgatcacacgtccactggccaccatcggcaggggatcc
aaaagacgaacggcactcgtcctgctaggcgtctggctttatgccctggcctggagtctgccacctttctttggttggagtgcctacgtgcc
cgagggactgctgacatectgetectgggactacatgaccttcacaccccaggtgegtgectacaccatgetgetettetgetttgtettett
ceteccectgcteatcateatettetgetacatetteatettcagggecatecgagagacaggeegggectgtgagggetgeggtgagtece
ctctgeggeagaggegecagtggeageggctgcagagtgagtggaagatggecaaggtegeactgattgteattcttctcttcgtgetgte
ctgggctccctactccactgtggctctggtggcctttgctggatactcgcacatcctgacgccctacatgagctcggtgccagccgtcatcg
ccaaggcttctgecatccacaateccattatetacgecatcactcaccecaagtacagggtggecattgeccageacctgectigecttgg
ggtgcttctcggtgtatcaggccagcgcagccacccctccctcagctaccgctctacccaccgctccacattgagcagccagtcctcagac

ctccatccagagcagaacgtgecagaageggaagegcagectcaagaagaccteca cgatggcggcccegeccaagagegagaactca

gaggacgccaagaagagcaggatcaccagcsa29scgggtacatccccctggaccagatcgacatcaacgtgacagagaccagcca

agtggcegectgectaa

Peptide sequence -~-- SEQ ID NO 2
MDSPSGPRVLSSLTQDPSFTTSPALQGIWNGTONYSVRAQLLSVSPTTSAHQAAAWVPFPTVDVPDHAHY
TLGTVILLVGLTGMLGNLTVIYTFCRNRGLRTPANMFIINLAVSDFLMSVTQAPVFFASSLYKKWLFGETGCEF
YAECGAVFGITSMITLTAIAMDRYLVITRPLATIGRGSKRRTALVLLGVWLYALAWSLPPFFGWSAYVPEGLLT
SCSWDYMTETPQVRAYTMLLECFVFFLPLLIIFCYIFIFRAIRETGRACEGCGESPLRQRRQWQRLQSEWKMA
KVALIVILLFVLSWAPYSTVALVAFAGYSHILTPYMSSVPAVIAKASAIH A lYRVAIAQH LP@LGVLL
GVSGQRSHPSLSYRSTHRSTLSSQSSD@QNVQKRKRSLKKTSTMAAPPKSENSEDAKKSRITSEGEYIPLD
QIDINVTETSQVAPA

Legend:

Underlined = GRM6

Underlined and bold = optional Golgi export signal
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Bold = optional 1D4 epitope

Embodiment (B): Mela(palm)-mGluRé (based on murine
sequences)

Constructicn: Melanopsin was truncated after the
palmitoylated Cys of melanopsin (AA364) and the mGluRé C-
terminus added including two additional proximal amino
acids as a consequence of better sequence alignment
compared to prototype Opto-mGluR6 (van Wyk M et al.,
2015) .

cDNA - SEQ ID NO 3
atggactctecttcaggaccaagagtcttgtcaagettaactcaggatcecagettcacaaccagtectgecctgeaaggeattiggaacg
gcactcagaacgtctecgtaagageccagcetictetetgttagecccacgacatcetgeacatcaggetgetgectgggteecctteeccaca
gtcgatgtcccagaccatgctcactataccctaggcacggtgatcctgctggtgggactcacagggatgctgggcaatctgacggtcatct
acaccttctgcaggaacagaggcctgcggacaccagcaaacatgttcatcatcaacctcgcagtcagcgacttcctcatgtcagtcactc
aggccccggtcttctttgccagcagcctctacaagaagtggctctttggggagacaggttgcgagttctatgccttctgcggggctgtcttt
ggcatcacttccatgatcaccctgacagccatagccatggaccgctatctggtgatcacacgtccactggccaccatcggcaggggatcc
aaaagacgaacggcactcgtcctgctaggcgtctggcﬂiatgccctggcctggagtctgccaccttﬂittggttggagtgcctacgtgcc
cgaggggctgcigacatectgetectgggactacatgaccttcaca ccccaggtgegtgectacaccatgetgetcetictgettigtettett
ccteccectgetcatcateatcttetgetacatettcatettcagggecatccgagagacaggeegggectgtgagggetgeggtgagtece
ctctgcggcagaggcggcagtggcagcggctgcagagtgagtggaagatggccaaggtcgcactgattgtcattcttctcttcgtgctgtc
ctgggetecctactccactgtggctetggtggectttgetggatactegeacatectgacgecctacatgageteggtgecageegteatcg
ccaaggcttctgccatccacaatcccattatctacgccatcactcaccccaagtacagggtggccattgcccagcacctgccttgcgggggg

catccagagcagaacgtgcagaagcggaagcgcagcctcaggaagacctccacgatggcggccccgcccaagagcgagaactcaga

ggacgccaagaqgggcaszatcaccagggggggggggtacatccccctggaccggatcgacatcaacgtgacagagaccagccaag

tggegecetgectaa

Peptide sequence -- SEQ ID NO 4
MDSPSGPRVLSSLTQDPSFTTSPALQGIWNGTQNVSVRAQLLSVSPTTSAHQAAAWVPFPTVDVPDHAHY
TLGTVILLVGLTGMLGNLTVIYTECRNRGLRTPANMFIINLAVSDFLMSVTQAPVFFASSLYKKWLFGETGCEF
YAFCGAVFGITSMITLTAIAMDRYLVITRPLATIGRGSKRRTALVLLGVWLYALAWSLPPFFGWSAYVPEGLLT
SCSWDYMTFTPQVRAYTMLLFCFVFFLPLLIIFCYIFIFRAIRETGRACEGCGESPLRORRQWQRLQSEWKMA
KVALIVILLEVLSWAPYSTVALVAFAGYSHILTPYMSSVPAVIAKASAIHNPIVAITHPKYRVAIAQHLPOLEHPE]
QNVQKRKRSLKKTSTMAAPPKSENSEDAKKSRITSEGEYIPLDQIDINVTETSQVAPA

Legend:
Underlined = GRM6
Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope
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Embodiment (C): Mela(palm+33AA)+IL1-mGluR6é (based on
murine seguences)

Construction: As Embodiment A, but with additional
complete exchange of melanopsin IL1 with IL1 of mGluR6.
Identical cutting sites as in prototype Opto-mGluR6 (van
Wyk M et al., 2015).

cDNA -- SEQ No. 5
atggactctecticaggaccaagagtcttgtcaagettaactcaggatcecagettcacaaccagtectgeectgeaaggceattiggaacg
gcactcagaacgtctccgtaagageccagettctetetgttagecccacgacatetgeacatcaggetgetgectgggteeecttecccaca
gtcgatgtcccagaccatgetcactataccctaggeacggtgatectgetggtgggactcacagggatgetgggeaatctgacggteatcet

acaccttcatgecgacacaacgacactcccatagteegegectetggecgtgagettttcatcatcaacctegeagtcagegacttccteatg

tcagtcactcaggecccggtcttetttgecageagectctacaagaagtggetctttggggagacaggtigegagtictatgecttetgegg
ggctgtctttggcatcacttccatgatcaccctgacagccatagccatggaccgctatctggtgatcacacgtccactggccaccatcggc
aggegatccaaaagacgaacggeactegtectgetaggegtetggctttatgecetggectggagtetgecacctticttiggtiggagtge
ctacgtgcecgaggggctgetgacatectgetectgggactacatgaccttcacacccecaggtgegtgectacaccatgetgetettetget
ttgtcttcttcctccccctgctcatcatcatcttctgctacatcttcatcttcagggccatccgagagacaggccgggcctgtgagggctgcg
gtgagtcccctctgcggcagaggcggcagtggcagcggctgcagagtgagtggaagatggccaaggtcgcactgattgtcattcttctct
tcgtgctgtcctgggctccctactccactgtggctctggtggcctttgctggatactcgcacatcctgacgccctacatgagctcggtgccag
ccgtcatcgecaaggcttctgecatecacaateccattatetacgecatcactcaccccaagtacagggtggecattgeccageacetgee
ttgccttggggtgcttctcggtgtatcaggccagcgcagccacccctccctcagctaccgctctacccaccgctccacattgagcagccagt

cctcagacctccatccagagcagaacgtgcagaagcggaagcgcagcctcaagaagacctccacgatggcggccccgcccaagagcg

agaactcagaggacgccaagaagagcgggatcaccagczazsncgagtacatccccctggaccagatcgacatcaacgtgacagag

accagccaagtggcegectgectaa

Peptide sequence =-- SEQ No. 6
MDSPSGPRVLSSLTQDPSFTTSPALQGIWNGTQNVSVRAQLLSVSPTTSAHQAAAWVPFPTVDVPDHAHY
TLGTVILLVGLTGMLGNLTVIYTEMRHNDTPIVRASGRELFIINLAVSDFLMSVTQAPVFFASSLYKKWLFGET
GCEFYAFCGAVFGITSM!TLTAIAMLVITRPLATIGRGSKRRTALVLLGVWLYALAWSLPPFFGWSAYVPE
GLLTSCSWDYMTFTPQVRAYTMLLFCFVFFLPLLIIFCYIFIFRAIRETGRACEGCGESPLRQRRQWQRLQSEW
KMAKVALIVILLFVLSWAPYSTVALVAFAGYSHILTPYMSSVPAVIAKASAIHNPIYAITHPKYRVAIAQHLPIGL
GVLLGVSGQRSHPSLSYRSTH RSTLSSQSSDQNVQKRKRSLKKTSTNIAAPPKSENSEDAKKSRITSEGEY
IPLDQIDINVTETSQVAPA

Legend:

Underlined = GRM6

Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope




15

30

35

WO 2021/105509 PCT/EP2020/083960

99

Embodiment (D): Mela(palm)+IL1-mGluRé (based on murine
sequences)

Construction: Melanopsin was truncated after the
palmitoylated Cys of melanopsin (AA364) and the mGluR6 C-
terminus added including two additional proximal AA
compared to prototype Opto-mGluR6 (van Wyk M et al.,
2015).

cDNA - SEQ No. 7
atggactctccttcaggaccaagagtcttgtcaagettaactcaggateccagettcacaaccagtectgeectgeaaggeattiggaacg
gcactcagaacgtctecgtaagageccagcettetetetgttagecccacgacatctgeacatcaggetgetgectgggteeccttecccaca
gtcgatgtcccagaccatgctcactataccctaggcacggtgatcctgctggtgggactcacagggatgctgggcaatctgacggtcatct
acaccttctgcaggaacagaggectgeggacaccagcaaacatgttcatcatcaacctegeagtcagega cttccteatgteagtcacte
aggccccggtcttctttgccagcagcctctacaagaagtggctctttggggagacaggttgcgagttctatgccttctgcggggctgtcttt
ggcatcacttccatgatcaccc’cgacagccatagccatggaccgctatctggtgatcacacgtccactggccaccatcggcaggggatcc
aaaagacgaacggcactegtcctgetaggegtetggetttatgeectggectggagtetgecaccttictttggttggagtgectacgtgec
cgaggggetgetgacatectgetectgggactacatgaccttcacaccccaggtgegtgectacaccatgetgetettetgetttgtettctt
cctccccctgctcatcatcatcttctgctacatcttcatcttcagggccatccgagagacaggccgggcctgtgagggctgcggtgagtccc
ctctgcggcagaggcggcagtggcagcggctgcagagtgagtggaagatggccaaggtcgcactgattgtcattcttctcttcgtgctgtc
ctgggctccctactccactgtggctctggtggcctttgctggatactcgcacatcctgacgccctacatgagctcggtgccagccgtcatcg

ccaaggcttctgccatccacaatcccattatctacgccatcactcaccccaagtacagggtggccattgcccagcacctgccttgcctgttc

catccagagcagaacgtgcagaagcggaagegcagectcaagaagacctecacgatggeggeccegeccaagagegagaactcaga
ggacgccaagaagageaggatcaccagegaggecgagtacatecccctggaccagategacateaacgtgacagagaccagecaag

tggcegectgectaa

Peptide sequence -- SEQ No. 8
MDSPSGPRVLSSLTQDPSFTTSPALQGIWNGTQNVSVRAQLLSVSPTTSAHQAAAWVPFPTVDVPDHAHY
TLGTVILLVGLTGMLGNLTVIYTFMRHNDTPIVRASGRELFIINLAVSDFLMSVTQAPVFFASSLYKKWLFGET
GCEFYAFCGAVFGITSMITLTAIAMDRYLVITRPLATIGRGSKRRTALVLLGVWLYALAWSLPPFFGWSAYVPE
GLLTSCSWDYMTFTPQVRAYTMLLFCFVFFLPLLIIFCYIFIFRAIRETGRACEGCGESPLRQRRQWQRLQSEW
KMAKVALIVILLFVLSWAPYSTVALVAFAGYSHI LTPYMSSVPAVIAKASAIH@AIYRVAIAQHLP@I__
FHPEQNVQKRKRSLKKTSTMAAPPKSENSEDAKKSRITSEGEYIPLDQIDINVTETSQVAPA

Legend:
Underlined = GRMG
Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope

Embodiment (E): Mela(palm+33AA)+IL3-mGluR6 (based on

murine sequences)
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Construction: As (1), but with additional insertion of
the short IL3 of mGluR6é into the variable portion of the
long IL3 of melanopsin.

cDNA -- SEQ No. 9
atggactctccttcaggaccaagagtetigtcaagettaactcaggatcccageticacaaccagtectgecctgeaaggeatttggaacg
gcactcagaacgtctccgtaagageccagettetctetgttageecccacgacatctgeacateaggetgetgectgggtececticeecaca
gtcgatgteccagaccatgetcactataccctaggeacggtgatectgetggtgggactcacagggatgetgggeaatctgacggteatct
acaccttctgeaggaacagaggcctgeggacaccagcaaacatgticatcatcaacctegeagtcagegacttecteatgteagtcacte
aggceecggtcttctttgccagcagectetacaagaagtggetctttggggagacaggtigegagtictatgecttctgeggggetgtett
ggcatcacttecatgatcaccetgacagecatagecatggaccgetatetggtgatcacacgtecactggecaccatcggeaggggatec
aaaagacgaacggcactcgtcctgetaggegtetggetttatgeectggectggagtetgecacctttetttggtiggagtgectacgtgee
cgaggggcetgctgacatectgetectgggactacatgaccttcacaccccaggtgegtgectacaccatgetgetettctgettigtettett

ccteceectgeteatcateatettctgetacatcttcatettecagggecatccgagagacaggecggggtgtgecagagaccticaatgaag

ccectetgeggeagaggcggeagtggeageggctgeagagigagtggaagatggecaaggtegeactgattgteattettctcttegtget
gtcctgggeteectactccactgtggetetggtggectttgetggatactegeacatectga cgcectacatgageteggtgecageegica
tcgccaaggcttctgccatccacaatcccattatctacgccatcactcaccccaagtacagggtggccattgcccagcacctgccttgcctt
ggggtgcttctcggtgtatcaggccagcgcagccacccctccctcagctaccgctctacccaccgctccacattgagcagccagtcctcag

acctccatccagagcagaacgtgcagaagcggaagcgcagcctcaagaaga cctecacgatggeggecccgeccaagagegagaact

cagaggacgccaagaagagcaggatcaccagegagggegagtacatecccctggaccagatcgacatcaacgtgacagagaccage

caagtggegcectgectaa

Peptide sequence -- SEQ No. 10
MDSPSGPRVLSSLTQDPSFTTSPALQGIWNGTQNVSVRAQLLSVSPTTSAHQAAAWVPFPTVDVPDHAHY
TLGTVILLVGLTGMLGNLTVIYTFCRNRGLRTPANMFIINLAVSDFLMSVTQAPVFFASSLYKKWLFGETGCEF
YAFCGAVFGITSMITLTAIAMDRYLVITRPLATIGRGSKRRTALVLLGVWLYALAWSLPPFFGWSAYVPEGLLT
SCSWDYMTFTPQVRAYTMLLFCFVFFLPLLUIFCYIFIFRAIRETGRGVPETFEN EAPLRQRRQWQRLQSEWKM
AKVALIVILLFVLSWAPYSTVALVAFAGYSHILTPYMSSVPAVIAKASAIHNPIYAITHPKYRVAIAQHLPLGV
LLGVSGQRSH PSLSYRSTHRSTLSSQSSDQNVQKRKRSLKKTSTMAAPPKSENSEDAKKSR|TSEGEYIPL
DQIDINVTETSQVAPA

Legend:

Underlined = GRM6

Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope

Embodiment (F): Mela(palm)~-OPNIMW(IL1l, IL2, IL3, CT)
(based on murine sequences)

Construction:
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chimera with all intracellular domains of mela exchanged
and by corresponding intracellular domains of OPNIMW with
CT splice site X-1 (Fig. 3 option 1)

cDNA -~ SEQ No. 11
atggactctccttcaggaccaagagtettgtcaagettaactcaggateccagettcacaaccagtectgecctgeaaggeatttggaacg
gcactcagaacgtctcegtaagageccagettetetetgttagecccacgacatetgeacatcaggetgetgeetgggtececttceccaca
gtcgatgtcccagaccatgetcactatacectaggeacggtgatectgetggtgggactcacagggatgetgggeaatcetgacggteatet

acgccaccatgagattcaagaagctgegecatccagcaaacatgttcatcatcaacctegeagteagegacttectcatgtcagtcactea

ggececggtcttctitgecageagectctacaagaagtggetctttggggagacaggttgegagtictatgecttetgeggggetgtetttg
gcatcacttccatgatcaccctgacagecatagecatggaccgctatetggtgatetgeaageectttggeaatgtgagatttgatgctaa

gctgacggeactegtectgetaggegtetggetttatgeectggectggagtetgecacctttctitggttggagtgectacgtgeccgaggs
gctgctgacatcctgctcctgggactacatgaccttcacaccccaggtgcgtgcctacaccatgctgctcttctgctttgtcttcttcctcccc

ctgctcatcatcatcttctgctacatccaagtgtggctggccatccgagcagtggcaaa_gcaacagaaagaatctgagtcca ctcagaag

gccgagaaggaggtgacaaaggtegcactgattgteattettetettegtgetgtectggactecctactecactgtggetetggtggecttt

gctggatactcgcacatcctgacgccctacatgagctcggtgccagccgtcatcgccaaggcttctgccatccacaatcccattatctacg

ccatcactcaccccaagtacagggtggcecattgeccageacctgeettgcaactgceatettacatetetitggaaagaaggttgatgatag

ctctgaactttccageacctccaagacagaagtctcatetgtetettcagtgteacctgeataa

Peptide sequence -- SEQ No. 12

MDSPSGPRVLSSLTQDPSFTTSPALQGIWNGTQNVSVRAQLLSVSPTTSAHQAAAWVPFPTVDVPDHAHY
TLGTVILLVGLTGMLGNLTVIYATMRFKKLRHPANMFINLAVSDFLMSVTQAPVFFASSLYKKWLFGETGCE
FYAFCGAVFGITSMITLTAIAMLVICKPFGNVRFDAKLTALVLLGVWLYALAWSLPPFFGWSAYVPEG LL
TSCSWDYMTFTPQVRAYTMLLFCFVFFLPLLIIFCYIQVWLAIRAVAKQQKESESTQKAEKEVTKVALIVILLFV

LSWAPYSTVALVAFAGYSHILTPYMSSVPAVIAKASAIHNPIYA IRVAlAQH LP@NC!LH LFGKKVDDS

SELSSTSKTEVSSVSSVSPA

Legend:
Underlined = OPNI1MW
Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope

Embodiment (G): OPNIMW (palm)-mGluR6 (based on murine
sequences)

Construction: The mGluR6é C-terminus including the HPE
motif was added at the putative palmitoylation site, i.e.
behind the residue (F, highlighted in grey) just before
the palmitoylation site C322 in bovine rhodopsin.

cDNA -~ SEQ No. 13
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atggcccaaaggcttacaggtgaacagacactggaccactatgaggatageacceatgeaageatcttcacctataccaacagcaaca
gcaccaaaggtccctttgaaggecccaattatcacattgetcccaggtgggtgtaccacctcaccageacctggatgattctigtggtegtt
gcatctgtcttcactaatggacttgtgetggeagecaccatgagattcaagaagetgegecatccactgaactggattetggtgaacttgg
cagttgctgacctageagagaccattattgccageactatcagtgttgtgaaccaaatctatggetacttegttctgggacacectetgtgt
gtcattgaaggctacattgtctcattgtgtggaatcacaggectetggtecctggecatcatttcctgggagagatggetggtggtictgeaa
geectttggeaatgtgagatttgatgetaagetggecactgtgggaategtcttctectgggtetgggcetgetatatggacggeeccaccaa
tetttggttggageaggtactggecttatggectgaagacatectgtggeccagacgtgttcageggtacctegtacceeggggtteagtct
tatatgatggtcctcatggteacgtgetgeatettcecacteageatcategtgetetgetacetccaagtgtggetggecatecgageagty
gcaaagcaacagaaagaatctgagtccactcagaaggecgagaaggaggtgacacgeatggtggtggtgatggteticgeatactgec
tctgetggggaccctatactttetttgeatgetttgetactgeccaccetggetatgecttecacectettgtggecteectaccatectacttt
gccaaaagtgecactatctacaacccecattatctatgtetttatgaaccggeagtttcgaaactgeatcttacatetetticatccagagea

gaacgtgcagaagceggaagegeagectcaagaagaccteccacgatggeggeeccgeccaagagegagaactcagaggacgecaag

Peptide sequence -- SEQ No. 14
MAQRLTGEQTLDHYEDSTHASIFTYTNSNSTKGPFEGPNYHIAPRWVYHLTSTWMILVVVASVFTNGLVLAA
TMRFKKLRHPLNWILVNLAVADLAETIIASTISVVNQIYGYFVLGHPLCVIEGYIVSLCGITGLWSLAISWERWL
VVCKPFGNVRFDAKLATVGIVFSWVWAAIWTAPPIFGWSRYWPYGLKTSCGPDVFSGTSYPGVQSYMMVL
MVTCCIFPLSIIVLCYLQVWLAIRAVAKQQKESESTQKAEKEVTRMVVVMVFAYCLCWGPYTFFACFATAHP
GYAFHPLVASLPSYFAKSATIYNPIIYVFMNRQFRNCILHLFHPEQNVQKRKRSLKKTSTMAAPPKSENSEDA
KKSRITSEGEYIPLDQIDINVTETSQVAPA

Legend:
Underlined = mGluR6
Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope

Embodiment (H): Mela(palm+33AA)-mGluR6é (based on human
sequences)

Construction: as above with murine construct

cDNA -- SEQ No. 15
atgaaccctectteggggecaagagtectgeccageccaacccaagageccagetgeatggecaccecageaccacccagetggiggga
cagctcccagageagceatctecagectgggeeggettecatccatcagteccacageacctgggacttgggetgetgectgggteecccte
cccacggttgatgttccagaccatgeccactataccctgggeacagtgatettgetggtgggactcacggggatgetgggeaacctgacg
gtcatctataccttctgcaggagcagaagcctccggacacctgccaacatgttcattatcaacctcgcggtcagcgacttcctcatgtcctt
cacccaggcccctgtcttcttcaccagtagcctctataagcagtggctctttggggagacaggctgcgagttctatgccttctgtggagctc
tctttggcatttcctccatgatcaccctgacggccatcgccctggaccgctacctggtaatcacacgcccgctggccacctttggtgtggcgt
ccaagaggcgtgcggcatttgtcctgctgggcgtttggctctatgccctggcctggagtctgccacccttcttcggctggagcgcctacgtg
cccgaggggttgctgacatcctgctcctgggactacatgagcttcacgccggccgtgcgtgcctacaccatgcttctctgctgcttcgtgttc
ttcctecctetgettateatcatctactgetacatetteatettcagggecatecgggagacaggacgggetctecagaccticggggectge
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aagggcaatggegagtecetgtggeagegecageggetgcagagegagigcaagatggecaagateatgetgetggteatectectett
cgtgctetectgggetecctattecgetgtggecctggtggectttgetgggtacgeacacgtectgacaccctacatgageteggtgecag
ccgtcatcgecaaggectetgeaatecacaaccccatcatttacgecatcaccecaceccaagtacagggtggecattgeccageacctge
cctgeetgggggtgetgetgggtgtatcacgecggeacagtegecectaccccagetaccgetccaccecaccegetecacgetgaccagec

acacctccaacctccatccagageagaatgtgcagaagegaaageggagectcaaggecacctccacggtggeagecccacccaageg

cgaggatgcagaggeccacaagaagagcaggatcaccagegagggegagtacateeccctggaccagatcgacatcaacgtgacag

agaccagccaagtggegectgectaa

Peptide sequence -- SEQ No. 16
MNPPSGPRVLPSPTQEPSCMATPAPPSWWDSSQSSISSLGRLPSISPTAPGTWAAAWVPLPTVDVPDHAH
YTLGTVILLVGLTGMLGNLTVIYTFCRSRSLRTPANMFIINLAVSDFLMSFTQAPVFFTSSLYKQWLFGETGCEF
YAFCGALFGISSMITLTAIALDRYLVITRPLATFGVASKRRAAFVLLGVWLYALAWSLPPFFGWSAYVPEGLLTS
CSWDYMSFTPAVRAYTMLLCCFVFFLPLLIIYCYIFIFRAIRETGRALQTFGACKGNGESLWQRQRLQSECKM
AKIMLLVILLFVLSWAPYSAVALVAFAGYAHVLTPYMSSVPAVIAKASAIHNPIVAITHPKYRVAIAQHLPLG
VLLGVSRRHSRPYPSYRSTHRSTLTSHTSNUHPEQNVOQKRKRSLKATSTVAAPPKGEDAEAHKKSRITSEGEYI
PLDQIDINVTETSQVAPA

Legend:

Underlined = GRM6

Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope

Embodiment (I): Mela(palm)-mGluR6é (based on human
sequences)

Construction: as above with murine construct

Allelic variant: “L variant”

cDNA -- SEQ No. 17
atgaaccctccttcggggccaagagtc@cccagcccaacccaagagcccagctgcatggcca ccccageaccacccagetggiggga
cagctcccagagcagcatctccagcctgggccggcttccatccatcagtcccacagcacctgggacttgggctgctgcctgggtccccctc
cccacggttgatgttccagaccatgeccactataceetgggeacagtgatcttgetggtgggactcacggggatgetgggeaacctgacg
gtcatctatacctictgeaggagcagaagectccggacacctgecaacatgttcattatcaacctegeggteagegacttecteatgtectt
cacccaggecectgtettettcaccagtagectctataageagtggetctttggggagacaggctgegagtictatgecttctgtggagetce
tctttggeatttectecatgatcaccctgacggecategecctggaccgetacctggtaatcaca cgeccgetggecacctttggtgtggegt
ccaagaggcgtgcggcatttgtcctgctgggcgtttggctctatgccctggcctggagtctgccacccttcttcggctggagcgcctacgtg
cccgaggggttgetgacatectgetectgggacta catgagcttcacgecggeegtgegtgectacaccatgettetetgetgettegtgtic
ttcctccctctgcttatcatcatctactgctacatcttcatcttcagggccatccgggagacaggacgggctctccagaccttcggggcctgc
aagggcaatggcgagtccctgtggcagcggcagcggctgcagagcgagtgcaagatggccaagatcatgctgctggtcatcctcctctt
cgtgctetectgggceteectatteegetgtggeectggtggectttgetgggta cgcacacgtcctgacaccctacatgagceteggtgecag

ccgtcatcgccaaggcctctgcaatccacaaccccatcatttacgccatcacccaccccaagtacagggtggccattgcccagcacctgc
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cctgectgttccatccagageagaatgtgcagaagegaaageggagectcaaggecacctccacggtggcagecccacccaagggega

ggatgcagaggcccacaagaagageagpatcaccagegagggegagtacatecccctggaccagatcgacatcaacgtgacagaga
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ccagccaagtggegectgectaa

Peptide sequence -- SEQ No. 18

MNPPSG PRV@PSPTQEPSCMATPAPPSWWDSSQSSISSLGRLPSISPTAPGTWAAAWVPLPTVDVPDH
AHYTLGTVILLVGLTGMLGNLTVIYTFCRSRSLRTPANMFIINLAVSDFLMSFTQAPVFFTSSLYKQWLFGE
TGCEFYAFCGALFGISSMITLTAIALDRYLVITRPLATFGVASKRRAAFVLLGVWLYALAWSLPPFFGWSAY
VPEGLLTSCSWDYMSFTPAVRAYTMLLCCFVFFLPLLINYCYIFIFRAIRETGRALQTFGACKGNGESLWQR
QRLQSECKMAKIMLLVILLFVLSWAPYSAVALVAFAGYAHVLTPYM SSVPAVIAKASAIH AITIHPK]
RVAIAQH LP@LF@QNVQKRK RSLKATSTVAAPPKGEDAEAHKKSRITSEGEYIPLDQIDINVTETSQVA
PA

Allelic variant: P-variant

cDNA SEQ No. 19 (with human melanopsin isoform 1)
atgaaccctccttcggggccaagagtccccagcccaacccaagagcccagctgcatggccaccccagcaccacccagctggtg
ggacagctcecagageagcatctecagectgggeeggettecatecatcagteccacageacctgggacttgggetgetgeetgggte
ccecteeccacggttgatgttccagaccatgeccactataccetgggeacagtgatcttgetggtgggactcacggggatgetgggea
acctgacggtcatctataccttctgcaggageagaagectccggacacctgecaacatgttcattatcaacctegeggteagegactt
ccteatgtecttcacccaggeccctgtettcticaccagtagectctataageagtggetetttggggagacaggetgegagttctatge
cttctgtggagcetctetttggeatttectccatgatcaccetgacggecategeectggaccgctacctggtaatcacacgeccgetgge
cacctttggtgtggcgtccaagaggegtgeggeatttgtectgetgggegttiggetctatgeectggectggagtetgecacectictt
cggctggagegectacgtgecegaggggtigetgacatectgetectgggactacatgagettcacgecggeegtgegtgectacace
atgcttctetgetgettegtgticttecteectetgettateateatctactgetacatcttcatettcagggecatecgggagacaggacg
ggctctccagaccttcggggectgeaagggeaatggegagtecctgtggeageggeageggetgeagagegagtgeaagatggeca
agatcatgctgetggteatectectettegtgetetectgggeteectattecgetgtggecectggtaggectttgetgggtacgeacacgt
cctgacaccctacatgageteggtgecagecgtcategecaaggectetgeaatccacaaccccateatttacgecatcacccaccee

aagtacagggtggccattgeccageaccetgeectgectgticcatccagagcagaatgigcagaagegaa agcggagectcaaggec

cacctccacggtggcagccccacccaagggcgaggatgcagaggcccacaagaagagcaggatcaccagcgagggcgagtaca

tccecctggaccagatcgacatcaacgtgacagagaccagecaagtggegectgectaa

Peptide sequence -- SEQ No. 20

AA sequence melanopsin-mGluR6 ) with isoform 1 of human
melanopsin (“p variant”)
MNPPSGPRV@PSPTQEPSCMATPAPPSWWDSSQSSISSLGRLPSlSPTAPGTWAAAWVPLPTVDVPDH
AHYTLGTVILLVGLTGMLGNLTVIYTFCRSRSLRTPANMFIINLAVSDFLMSFTQAPVFFTSSLYKQWLFGE
TGCEFYAFCGALFGISSMITLTAIALDRYLVITRPLATFGVASKRRAAFVLLGVWLYALAWSLPPFFGWSAY
VPEGLLTSCSWDYMSFTPAVRAYTMLLCCFVFFLPLLIIIYCYIFIFRAIRETGRALQTFGACKGNGESLWQR
QRLQSECKMAKIMLLVILLFVLSWAPYSAVALVAFAGYAHVLTPYMSSVPAVIAKASAIHNPIYAITHPKY
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RVAIAQH LP@LF%E_P_E ONVQKRKRSLKATSTVAAPPKGEDAEAHKKSRITSEGEYIPLDQIDINVTETSQVA
PA

Legend:
Underlined = GRMb6
Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope

Framed = Allelic variant and conserved motifs

Comment: In comparative experiments in HEK293 cells the L
and P variants performed equally. The P-variant is the
most common mGluR6 allelic variant and it has been used

in most experiments.

Embodiment (J): Mela(palm+33A)+IL1-mGluR6 (based on human
sequences)

Construction: as above with murine construct

cDNA -~ SEQ No. 29
atgaaccctecttcggggecaagagtectgeccageccaacccaagageccagetgeatggecaccecageaccacceagetggtggga
cagctcccagagceagceatctccagectgggeeggcettccatccatcagteccacageacctgggacttgggetgetgectgggteccecte
cccacggttgatgttccagaccatgeccactatacectgggeacagtgatettgetggtgggactcacggggatgetgggeaacctgacg
gtcatctataccttceggtacaacaacacgeccategtecgggcctegggecgagagcetettcattatcaacctegeggtcagegacttect

catgtccttcacccaggecccetgtettcttcaccagtagectctataageagtggetctitggggagacaggetgegagttctatgecttctg
tggagctctctttggeatttectecatgatcacectgacggecategecctggacegcetacctggtaatcacacgecegetggecacctttg
gtgtggcgtccaagaggegtgeggeattigtectgetgggegtttggetctatgeectggectggagtetgecaccctictticggetggage
gcctacgtgeccgaggggtigetgacatectgetectgggactacatgagettcacgecggeegtgegtgectacaccatgettetetgetg
cttegtgttcttectecctctgettatcatcatctactgetacatcettcatettcagggecatccgggagacaggacgggctctecagacctte
ggggcectgcaagggceaatggegagteectgtggeageggeageggetgeagagegagtgcaagatggecaagateatgetgetggtea
tectectettegtgetctectgggeteectattecgetgtggeectggtggectttgetgggtacgeacacgtectgacaccctacatgagete
ggtgccagecgteatcgecaaggcctctgeaatecacaaccecatcatttacgecatcacccaccccaagtacagggtggecattgecca
gcacctgeectgectgggggtactgetgggtatatcacgecggeacagtegecectacceccagetacegetccaccecaccgetecacgetg

accagccacacctccaacctccatccagageagaatgtgcagaagegaaageggagectcaaggecacctecacggtggcageececac

ccaagggcgaggatgcagaggcc cacaagaagagcaggatcaccggcaaangcgggtacatccccctggaccagatcgacatcaac

gigacagagaccagccaagiggcgeetgectaa

Peptide sequence -- SEQ No. 30
MNPPSGPRVLPSPTQEPSCMATPAPPSWWDSSQSSISSLGRLPSISPTAPGTWAAAWVPLPTVDVPDHAH
YTLGTVILLVGLTGMLGNLTVIYTFRYNNTPIVRASGRELFIINLAVSDFLMSFTQAPVFFTSSLYKQWLFGETG
CEFYAFCGALFGISSMITLTAIALDRYLVITRPLATFGVASKRRAAFVLLGVWLYALAWSLPPFFGWSAYVPEGL

RECTIFIED SHEET (RULE 91) ISA/JEP
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LTSCSWDYMSFTPAVRAYTMLLCCFVFFLPLLHIYCYIFIFRAIRETGRALQTFGACKGNGESLWQRQRLQSEC
KMAKIMLLVILLFVLSWAPYSAVALVAFAGYAHVLTPYMSSVPAVIAKASAIHNPIIYAITHPKYRVAIAQHLP
@LGVLLGVSRRHSRPYPSYRSTHRSTLTSHTSNQNVQKRKRSLKATSTVAAPPKG EDAEAHKKSRITSEG
EYIPLDQIDINVTETSQVAPA

Legend:

Underlined = GRM6

Underlined and bold = optional Golgi export signal

Bolc = optional 1D4 epitope

Embodiment (K): Mela(palm+332)+IL3-mGluR6 (based on human
sequences)

Construction: Human melanopsin chimera with mGluR6 (GRM6)
IL3 and mGluR6 (GRM6) CT

cDNA -- SEQ No. 31
atgaaccctecttcggggccaagagtcctgeccageccaacccaagageccagetgeatggecaccccageaccacccagetggtggga
cagcteccagagceagceatcetecagectgggeeggettccatccatcagicccacageacctgggacttgggetgetgectgggteececte
cccacggttgatgticcagaccatgcccactatacceigggeacagtgaictigetggtgggactcacggggatgetgggcaacctgacg
gtcatctataccttctgcaggagcagaagcectccggacacctgecaacatgttcattatcaacctegeggtcagegacttectcatgtectt
cacccaggeccctgtcttettcaccagtagectctataageagtggetetitggggagacaggetgegagtictatgecttctgtggagete
tetttggeatttectecatgatcacectgacggecategecctggaccgetacctggtaatcacacgeccgetggecacctttggtgtggegt
ccaagaggegtgeggeatttgtectgetgggegtttggetctatgecctggectggagtcetgecaccecttcttcggetggagegectacgtg
cccgaggggttgctgacatectgetectgggactacatgagettcacgeeggeegtgegtgectacaccatgettetetgetgettegtgtic

ttcctecctetgettatcatcatctactgetacatettcateticagggecateccgggagacaggacggggegtgeeccgagaccttcaacga

ggccaagggeaatggegagtecctgiggeageggeageggetgeagagegagtgeaagatggecaagateatgetgetggteatectee
tcttegtgetctectgggetecctaticegetgtggecctggtggectttgetgggtacgeacacgtectgacaccctacatgageteggtge
cagccgteategecaaggectctgeaatecacaaccecateatttacgecatcaccecaccccaagtacagggtggecattgeccageace
tgeectgectgggggtgctgetgggtgtatcacgecggeacagtegeccctaccecagetaccgetecacccaccgetccacgetgaccag

ccacacctecaacctccatccagageagaatgtgcagaagegaaageggagectcaaggecacctecacggtggcagecccacccaag

gegcgaggatgcagaggcccacaagaagagcaggatcaccagegagggegagtacateccectggaccagatcgacatcaacgtgac

agagaccagccaagtggegectgectaa

Peptide sequence -- SEQ No. 32
MNPPSGPRVLPSPTQEPSCMATPAPPSWWDSSQSSISSLGRLPSISPTAPGTWAAAWVPLPTVDVPDHAH
YTLGTVILLVGLTGMLGNLTVIYTFCRSRSLRTPANMFIINLAVSDFLMSFTQAPVFFTSSLYKQWLFGETGCEF
YAFCGALFGISSMITLTAIALDRYLVITRPLATFGVASKRRAAFVLLGVWLYALAWSLPPFFGWSAYVPEGLLTS
CSWDYMSFTPAVRAYTMLLCCFVFFLPLLIIYCYIFIFRAIRETGRGVPETFNEAKGNGESLWQRQRLQSECK
MAKIMLLVILLFVLSWAPYSAVALVAFAGYAHVLTPYMSSVPAVIAKASAIHNPIIYAITHPKYRVAIAQHLPCL

RECTIFIED SHEET (RULE 91) ISA/EP



WO 2021/105509 PCT/EP2020/083960

20

N
&3]

30

35

107

GVLLGVSRRHSRPYPSYRSTHRSTLTSHTSN U@QNVQKRKRSLKATSTVAAPPKGEDAEAH KKSRITSEGEY
IPLDQIDINVTETSQVAPA

Legend:

Underlined = GRM6

Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope

Embodiment (L): JellyOP (palm)-mGluR6

Construction: Box Jellyfish opsin chimera with the C-
terminus of murine GRM6 added behind the palmitoylation
site (grey Cys) of JellyOP

cDNA -- SEQ No. 33
atgggagcgaatataacagaaatatigtcaggctttttagettgtgtagtattictcictataagetigaatatgatagtictaattacatttt
accgcttacgacataaattggcttttaaagatgctctcatggctagtatggegttcagtgatgtigtacaagetatcgtaggatatectttag
aggtattcactgtagtagacggaaaatggacaticggaatggaattatgtcaagttgcaggatttttcattactgeccttggtcaagtttec
atcgctcatctcactgetctegecttagategatacttcacagtgtgeagacctttegtggeaactgegaticacggatcaatgagaaatge
aggtatggtcatatttgtitgciggttctacgegtectictgggeagtectacecttagttggatggtcaaattatgacgtggagggtgacgg
tatgcgatgctccatcaactgggcagacgacagtcctaaaagetactcatacagggtttgtttattcgtaticatctacctgattectgttett
ttgatggtggctacttacgtgtiggttcaaggagagatgaagaatatgegaggtcgtgeageacagttgttiggttcagaatecgaggetg
cactaaagaatatcaaggccgaaaagcegacacacaaggetggtittcgtcatgatectttetttcategtagettggaceecatatacctte
gtegecatgtgggtttectitttcacgaaacaacttgggecaatacctttatacgttgatacttiggeagetatgettgeaaagtegtegget
atgttcaaccccatcatttactgcttcctecacaageaattcagaagagcetgtattacgtggtgttigtctgttccatccagageagaacgt

gcagaagcggaagcegeagcectcaagaagacctccacgatggeggecccgeccaagagegagaactcagaggacgecaagacagaga

ccagccaagtggegectgecaagagcaggatcaccagegagggcgagtacatcccectggaccagatcgacatcaacgtgtaa

Peptide sequence -- SEQ No. 34
MGANITEILSGFLACVVFLSISLNMIVLITFYRLRHKLAFKDALMASMAFSDVVQAIVGYPLEVFTVVDGKWTF
GMELCQVAGFFITALGQVSIAHLTALALDRYFTVCRPFVATAIHGSMRNAGMVIFVCWFYASFWAVLPLVG
WSNYDVEGDGMRCSINWADDSPKSYSYRVCLFVFIYLIPVLLMVATYVLVOGEMKNMRGRAAQLFGSESE
AALKNIKAEKRHTRLVFVMILSFIVAWTPYTFVAMWVSFFTKQLGPIPLYVDTLAAMLAKSSAMFNPIIYICFL
FRRAVLRGQNVQKRKRSLKKTSTMAAPPKSENSEDAKKSRITSEGEYIPLDQIDINVTETSQV
APA

Legend:
Underlined = GRM6
Underlined and bold = optional Golgi export signal

Bold = opticnal 1D4 epitope

Embodiment (M) : JellyOP (palm)-5HT7

RECTIFIED SHEET (RULE 91) ISA/EP
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Construction: Box Jellyfish opsin chimera with the C-
terminus of the murine 5-hydreoxytryptamine receptor 7
(isoform 1) added behind the palmitoylation site (grey
Cys) of JellyOP. The C-terminal sequence cf the 5-HT7
receptor starting behind the palmitoylation site was
added here
cDNA -~ SEQ No. 35
atgggagcgaatataacagaaatattgtcaggcttittagettgigtagtatttctctctataagetigaatatgatagtictaattacatttt
accgcttacgacataaattggetittaaagatgetctcatggetagtatggegttcagtgatgttgtacaagctatcgtaggatatectitag
aggtattcactgtagtagacggaaaatggacaticggaatggaattatgtcaagttgcaggattittcattactgecctiggtcaagttice
atcgctecateteactgetetegecttagategatacttcacagtgtgeagacctttcgtggeaactgegattcacggatcaatgagaaatge
aggtatggtcatatitgtttgetggttctacgegtecttetgggeagtectacecttagttggatggtcaaattatgacgtggagggtgacgg
tatgcgatgctccatcaactgggeagacgacagtectaaaagetactcatacagggtttgtttattegtattcatctacctgattectgttett
ttgatggtggctacttacgtgtiggticaaggagagatgaagaatatgegaggtcgtgeageacagttgtitggticagaatcegaggetg
cactaaagaatatcaaggccgaaaagegacacacaaggcetggttticgtcatgatectttetttcategtagettggaccecatataccttc
gtcgecatgtgggtttectitttcacgaaacaacttgggecaatacctitatacgttgatactitggeagetatgettgeaaagiegtegget
atgttcaaccccatcattiactgettcctccacaageaattcagaagagetgtattacgtggtgtitgtcagtaccggaatatcaaccggaa

getctetgetgeaggeatgcacgaagecctgaaactigetgagageccigagagaagegagtitgtgctacaaaactgtgaccactgigg

gaaaaaaggtcatgatacatgaaagagcaggatcaccagegagggegagtacateccectggaccagatcgacatcaacgtgacag

agaccagccaagtggegectgectaa

Peptide sequence -- SEQ No. 36
MGANITEILSGFLACVVFLSISLNMIVLITFYRLRHKLAFKDALMASMAFSDVVQAIVGYPLEVFTVVDGKWTF
GMELCQVAGFFITALGQVSIAHLTALALDRYFTVCRPFVATAIHGSMRNAGMVIFVCWEYASFWAVLPLVG
WSNYDVEGDGMRCSINWADDSPKSYSYRVCLFVFIYLIPVLLMVATYVLVOGEMKNMRGRAAQLFGSESE
AALKN|KAEKRHTRLVFVMILSF|VAWTPYTFVAMWVSFFTKQLGPIPLYVDTLAAMLAKSSAMF FL
FRRAVLRGV@QYRNINRKLSAAGMHEALKLAERPERSEFVLQNCDHCGKKGHDTKSRITSEGEYIPLDQ
IDINVTETSQVAPA

Legend:
Underlined = 5HT7
Underlined and bold = optional Golgi export signal

Bold = optional 1D4 epitope
Embodiment (N) :PPO(palm)-mGluR6é (murine mGluR®6)

Construction: Lethenteron camtschaticum parapinopsin
(PPO)

RECTIFIED SHEET (RULE 91) ISA/EP
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Splicing site x at the palmitoylation siteof PPO fused
with the CT of mGluR6 at two amino acids upstream of the
HPE site.

DNA Sequence -- SEQ No. 37
Ccatggagaacttgacctegcetegacctectgeccaacggegaggteeegtigatgeeccgetacggetteaccatectegeegtgateat
ggcegtgttcaccategectegetegtgetcaacageaccgtegteategtcaccctgegecaccgecagetacgecacceegctcaacttct
cgctegtcaaccicgecgtggeggacctgggegtcacggtgtteggegecagectegtegtggagaccaacgecegtegggtacticaace
tcggeegegteggetgegtcatcgaagggticgeegtegetttctteggeategecgetctgtgeacgategeegtgategeegtegatege
ttcgtggtggtgtgcaageegctgggcacgctgatgticacgeggegecacgegetgetgggeategectgggectggetetggtegttcg
tgtggaacacgccgecgcetctteggetggggcagetacgagetggagggcegtgeggacgtegtgegegeccgactggtacageegegac
ccegecaacgtgtegtacattacgagetacttegecttetgettegecatececttectegteategtggtggegtacggecgecteatgtgg
accctccaccaggtggecaagetggggatgggegagageggeageaccgecaaggeggaggegeaggtgtegegeatggtggtggte
atggtggtggccttectegtetgetggetgecctacgegetcttcgecatgategtggtgaccaageecgacgtgtacatcgacccggtcat
cgccacactgeccatgtacctgaccaagacgageacggtctacaaccecateatctacatcttcatgaaccgecagticegggactgege

cgtgeccttectgetetgectgticcatccagageagaacgtgcagaageggaagegcagectcaagaagacctecacgatggeggecc

cgcccaagagcgagaactcagaggacgccaagacagagaccagecaagtggegectgecaagageaggatcaccagcegagegega

gtacatccccctggaccagatcgacatcaacgtgtaa

Peptide sequence -- SEQ No. 38
MENLTSLDLLPNGEVPLMPRYGFTILAVIMAVFTIASLVLNSTVVIVTLRHRQLRHPLNFSLVNLAVADL
GVTVFGASLVVETNAVGYFNLGRVGCVIEGFAVAFFGIAALCTIAVIAVDRFVVVCKPLGTLMFTRRHAL
LGIAWAWLWSFVWNTPPLFGWGSYELEGVRTSCAPDWYSRDPANVSYITSYFAFCFAIPFLVIVVAYGRL
MWTLHQVAKLGMGESGSTAKAEAQVSRMVVVMVVAFLVCWLPYALFAMIVVTKPDVYIDPVIATLPMYL
TKTSTVYNPIIY|FMFRDCAVPFL LFQNVQKRKRSLKKTSTMAAPPKSENSEDAKKSRITSEGEYI
PLDQIDINVTETSQVAPA

Legend:
Underlined = GRM6
Underlined and kold = optional Golgi export signal

Bold = optional 1D4 epitope

Embodiment (O): JSR1(palm)-mGluR6 (murine mGluR6)
Jumping spider rhodopsin, Kumpopsin 1 of Hasarious
adansoni

Construction: Splicing site x at the palmitoylation site
of JSR1 fused with the CT of mGluR6 at two amino acids
upstream of the HPE site.

cDNA Sequence -~- SEQ No. 39
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atgttaccacatgcagcaaaaatggeggecagggiggetggegatcacgatggaagaaacatttcaatigttgatctictgecagaagac
atgctaccgatgattcacgaacattggtataagttcceccecgatggaaacttccatgeattatatcctcggaatgcettattatagttatagg
aatcatcagtgtatcaggtaatggagttgtcatgtacttaatgatgacagtgaagaacctecgaactcccggtaatittctggtatigaatc
ttgecctatcigattttggtatgetgttttttatgatgecgacgatgtecataaattgettcgecgaaacgtgggttataggaccttteatgtgt
gagctctatggaatgatcggctcattatttggaagtgeatctatetggagtctggtaatgataacactcgaccgatacaatgtcategtga
aaggaatggctggaaaacctctaacgaaagtiggageactgttaagaatgcttttegtetggatttggteattaggetggaccatigeace
gatgtacggatggagcaggtatgttcctgaaggcetcgatgacatcatgecactattgactacatagatacagctattaatccaatgtettac
cttatcgcctacgetattttigtatacttcgtaccactctttatcattatttactgctacgetticatcgtaatgcaagtagcageccacgaga
aatccctacgagaacaagctaaaaagatgaacatcaaatecctcagatcaaatgaagataacaagaaagceaagtgeagaattcagac
tggctaaggtggcetittatgaccatetgetgetggticatggegtggactecttatctaaccetgtecttecttggaatcttctccgacaggac
ctggctaacacctatgacatccgtttggggagecatatttgcaaaagetagtgectgetacaatectattgtitatggaataagtcatecta
agtatcgtgecgctttacatgataagttcccatgectetgticcatccagageagaacgigcagaageggaagegcagectcaagaagac

ctccacgatggeggecccgeccaagagegagaactcagaggacgccaagacagagaccagecaagtggegectgecaagageagga

tcaccagegaggeegagtacatececcctggaccagatcgacatcaacgtgtaa

Peptide sequence -~- SEQ No. 40
MLPHAAKMAARVAGDHDGRNISIVDLLPEDMLPMIHEHWYKFPPMETSMHYILGMLIIVIGIISVSGNGV
VMYLMMTVKNLRTPGNFLVLNLALSDFGMLFFMMPTMSINCFAETWVIGPFMCELYGMIGSLFGSASIWS
LVMITLDRYNVIVKGMAGKPLTKVGALLRMLFYWIWSLGWTIAPMYGWSRYVPEGSMTSCTIDYIDTAIN
PMSYLIAYAIFVYFVPLFIIYCYAFIVMQVAAHEKSLREQAKKMNIKSLRSNEDNKKASAEFRLAKVAFMTICC

WFMAWTPYLTLSFLGIFSDRTWLTPMTSVWGAIFAKASACYNPIVY|GI RAALHDKFPOLEHPEQNY

QKRKRSLKKTSTMAAPPKSENSEDAKKSRITSEGEYIPLDQIDINVTETSQVAPA

Legend:
Underlined = GRM6
Underlined and bocld = optional Golgi export signal

Bold = optional 1D4 epitope
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While there were shown and described above
presently preferred embodiments of the invention, it is
to be distinctly understood that the invention is not
limited thereto but may be otherwise variously embodied

and practiced within the scope of the following claims.



Claims

1. A chimeric opsin GPCR protein comprising seven transmembrane
domains (TM1 to TM7) connected by extra- and intracellular loops (ELs and ILs),

wherein said chimeric opsin GPCR protein comprises a first light-sensitive
opsin portion and a second GPCR portion (target GPCR portion),

wherein said opsin portion comprises a chromophore pocket covalently
binding a chromophore and a truncated C-terminal domain with a truncation site
located at least 7 amino acids downstream of a NR(K)Q motif, and

wherein said GPCR portion comprises a C-terminal domain (target-
GPCR-CT) positioned downstream of the truncated C-terminal domain of the

opsin portion.

2. The chimeric opsin GPCR protein according to claim 1, wherein the
truncation site is positioned at or downstream of:
- adistal end of a helix 8 (H8); or

- a palmitoylation site.

3. The chimeric opsin GPCR protein according to any one of the preceding
claims, wherein the truncation site is positioned up to 33 amino acids
downstream of the palmitoylation site.

4. The chimeric opsin GPCR protein according to any one of the preceding
claims, wherein the opsin is a melanopsin, rhodopsin, a cone opsin, a cone
opsin selected from OPN1SW, OPN1LW and OPN1MW, a jellyfish opsin, a
jellyfish opsin selected from cubop and JellyOP, jumping spider rhodopsin
(JSR1), Parapinopsin (PPO), Neuropsin (OPN5), or Encephalopsin (OPNS3).

5. The chimeric opsin GPCR protein according to any one of the preceding

claims, wherein the opsin portion is derived from two or more parent opsins.
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6. The chimeric opsin GPCR protein according to any one of claims 1 to 4,
wherein the opsin portion comprises the entire portion of the parent opsin from
the N-terminus to the truncation site.

7. The chimeric opsin GPCR protein according to any one of the preceding
claims, wherein the opsin portion is derived from a mono-stable opsin or from a

bi-stable opsin or from a tri-stable opsin, in particular from a bi-stable opsin.

8. The chimeric opsin GPCR protein according to any one of the preceding
claims, wherein:

a) the target-GPCR-CT is a functional variant of the CT of the parent target
GPCR;

b) the target-GPCR-CT comprises an N terminal deletion between the NPxxY
motif and any amino acid position up to a palmitoylation site; or

c) the N-terminal end of the target-GPCR-CT is at or upstream of the target
GPCR NR(K)Q motif.

9. The chimeric opsin GPCR protein according to any one of the preceding
claims, wherein the target-GPCR-CT is capable of coupling light activation into
the GPCR signaling pathway of the target GPCR protein.

10. The chimeric opsin GPCR protein according to any one of the preceding
claims, wherein the target GPCR protein is a class C GPCR, or wherein the
target GPCR protein is mGIuR6.

11.  The chimeric opsin GPCR protein according to any one of the preceding
claims, wherein the opsin is a melanopsin and the target GPCR protein is
mGIluR®6.

12.  The chimeric opsin GPCR protein according to any one of the preceding
claims, wherein the CT of the chimeric opsin GPCR further comprises one or
more sequence elements selected from the following group of elements:

— a Golgi export signal;
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— a membrane trafficking sequence, or a membrane trafficking sequence
which is a 1D4 tag; and
— asequence element encoding a fluorescent protein,
and wherein the one or more selected elements are arranged independently in
any order at the C-terminal end of the chimeric opsin GPCR CT.

13.  The chimeric opsin GPCR protein according to any one of the preceding
claims comprising an amino acid sequence with at least 85%, at least 90%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%,
at least 98%, or at least 99% identity to SEQ ID NO 2, SEQ ID NO 4, SEQ ID
NO 6, SEQ ID NO 8, SEQ ID NO 10 and SEQ ID NO 12, SEQ ID NO 14, SEQ
ID NO 16, SEQ ID NO 18, SEQ ID NO 20, SEQ ID NO 22, SEQ ID NO 24, SEQ
ID NO 26, SEQ ID NO 28, SEQ ID NO 30 and SEQ ID NO 32, SEQ ID NO 34,
SEQ ID NO 36, SEQ ID NO 38, SEQ ID NO 40, SEQ ID NO 42 or SEQ ID NO
44,

14.  The chimeric opsin GPCR protein according to claim 13 comprising or
consisting of an amino acid sequence selected from the group comprising SEQ
ID NO 2, SEQ ID NO 4, SEQ ID NO 6, SEQ ID NO 8, SEQ ID NO 10 and SEQ
ID NO 12, SEQ ID NO 14, SEQ ID NO 16, SEQ ID NO 18, SEQ ID NO 20, SEQ
ID NO 22, SEQ ID NO 24, SEQ ID NO 26, SEQ ID NO 28, SEQ ID NO 30 and
SEQ ID NO 32, SEQ ID NO 34, SEQ ID NO 36, SEQ ID NO 38, SEQ ID NO 40,
SEQ ID NO 42 and SEQ ID NO 44.

15.  The chimeric opsin GPCR protein according to claim 14, wherein the
amino acid sequence is a variant of any one of said sequences comprising one
or more variations selected from:

- aconservative amino acid substitution;

- adeletion in arange of 1 up to 3, 5, 8 or 15 amino acids; and

- aninsertion in a range of 1 up to 3, 5, 8 or 15 amino acids;
and wherein the chimeric opsin-GPCR protein exhibits a light activation
dependent binding of Galpha protein specific to the target GPCR.
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16. A nucleic acid molecule encoding the chimeric opsin GPCR protein

according to any one of the preceding claims.

17. A vector comprising the nucleic acid molecule according to claim 16 or a
nucleic expression vector comprising a transgene encoding the chimeric opsin
GPCR protein according to any one of claims 1 to 14 operably linked to a
promoter, or operably linked to a cell-specific promoter, or operably linked to a

bipolar cell specific promoter.

18.  The vector according to claim 17, wherein the vector is a recombinant
adeno-associated virus (rAAV), or wherein the vector is an rAAV vector selected
from a group of AAV serotypes comprising AAV1, AAV2, AAV3, AAV4, AAVS5,
AAV6, AAV7, AAVS8, AAV9, AAV10, AAV11 and AAV12.

19. A pharmaceutical composition comprising a chimeric opsin GPCR protein
according to any one of claims 1 to 15, a nucleic acid molecule encoding said
opsin GPCR protein according to claim 16, or a vector according to claim 17 or

claim 18.

20.  Use of a chimeric opsin GPCR protein according to any one of claims 1 to
15,
or a nucleic acid molecule encoding said opsin GPCR protein according
to claim 16,
or a vector according to claim 17 or claim 18,
or a pharmaceutical composition according to claim 19,
in the manufacture of a medicament for the treatment of partial or complete loss
of vision due to photoreceptor degeneration.

21.  Use of a chimeric opsin GPCR protein according to any one of claims 1 to
15,
or a nucleic acid molecule encoding said opsin GPCR according to claim
16,
or a vector according to claim 17 or claim 18,
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or a pharmaceutical composition according to claim 19,
in the manufacture of a medicament for treatment of partial or complete
blindness, for treatment of retinitis pigmentosa (RP), for treatment of macular

degeneration, or for treatment of other forms of photoreceptor degeneration.



