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Abstract

Optogenetics enables the control of protein function with light in genetically-
targeted cells, which provides the opportunity to manipulate cellular and animal
physiology precisely in time and space. This is achieved through imparting light-
sensitivity to proteins and tissues that endogenously do not respond to light by
re-purposing naturally occurring photoreceptor proteins. While optogenetics
made its breakthrough in the field of neuroscience, its application has quickly
expanded to the manipulation of cellular signalling and behaviour in different
areas of research, such as cell biology or developmental biology.

Non-neuronal optogenetics focuses on the control of cellular behaviour, with
two of the main approaches being the control of light-activated protein-protein
interactions (Opto-PPIs), or light-activated chimeric G-protein coupled receptors
(OptoXRs) (other approaches include light-activated protein unfolding or enzyme
activity). From a protein engineering perspective, the two approaches of Opto-PPIs
and OptoXRs differ significantly from each other and present different obstacles
and challenges. For Opto-PPIs, the general engineering approach is in principle a
robust one, but the plethora of possible processes and target proteins necessitates
the constant development of new tools. For OptoXRs, on the other hand, the
overall approach has remained the same for many years without substantial
improvements since its inception.

In this thesis, I describe work aimed at addressing these challenges and improving
the current engineering methods for both Opto-PPIs as well as for OptoXRs.

In the first project (chapter 2), I established a new engineering strategy and vector
library to facilitate modular development of light-activated PPIs. The vector
library contains the most commonly used photoreceptors for this purpose and is
paired with a streamlined cloning strategy. Together, this work facilitates simpler
and faster engineering and testing of new optogenetic tools to manipulate PPIs.
The applicability of this strategy is demonstrated by employing it on a new target
protein, caspase 9, to develop Opto-caspase9.
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In the second project (chapter 3), I developed a new approach to engineer OptoXRs
that uses information obtained from GPCR structures, and is based on structural
alignments and direct G-protein interacting residues. To demonstrate the advances
of this design strategy, I engineered an improved Opto-β2AR (β2 adrenergic
receptor) which closely mimics wild-type β2AR signalling and displays greatly
enhanced functionality compared to Opto-β2ARs based on previous design strate-
gies. I exploited these advances by testing further modifications to the receptor,
such as spectral tuning and by applying it to another target receptor.

The work described in this thesis addresses two major challenges in the field of
cellular optogenetics, by providing a method that will make the engineering of
Opto-PPIs easier and more accessible, and by presenting a novel design approach
for OptoXRs resulting in better and more robustly functioning OptoXRs.
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Chapter 1

Introduction

1.1 Optogenetics

Optogenetics is a technique that enables spatially and temporally precise activation
of protein function in cells using light, which allows for the unprecedented control
of cellular physiology and animal behaviour. Optogenetics first gained widespread
attention for its application in neuroscience, where microbial opsins were used
to activate or silence specific areas of the brain. This was achieved through
repurposing the innate ability of these proteins to function as light-activated
ion channels and pumps. Paired with genetically targeting distinct neuronal
populations, it was possible to reversibly depolarize or hyperpolarize specific
neurons without influencing surrounding cells.

Since then, both the optogenetic toolbox and its field of application have increased
significantly. Beyond the control of membrane potential in neuronal cells, optogene-
tics has enabled the manipulation of molecular processes in areas such as cell
biology, developmental biology or disease research. This was made possible by
the diversity of photoreceptors found in nature displaying various light-activated
behaviours, from changes in oligomerization state to generation of second messen-
gers and more complex structural rearrangements.

1.2 Photoreceptors

The ability to sense light is ubiquitously found in all domains of life. Light acts as
a stimulus regulating diverse processes: In plants and microbes, light coordinates
biological activities such as light-controlled growth (phototropism) or motility
(phototaxis) (Möglich et al., 2010). In higher species, such as mammals, light
predominantly mediates vision and entrainment of the circadian rhythm (Foster
et al., 2007).
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Chapter 1. Introduction

Photoreceptor proteins do not directly sense light without further modification, as
amino acid backbones or side chains do not absorb light in the visible spectrum.
Because of this, photoreceptors have to bind chromophores (covalently or non-
covalently) that act as the site of photon absorption. Upon light-absorption, the
chromophores undergo structural changes that ultimately lead to rearrangement
of the protein backbone. These structural transformations then initiate further
downstream signal propagation. In nature, photoreceptors often consist of light-
sensing domains directly coupled to effector domains, such as kinase, dimerization
or DNA-binding domains. Opsins form an exception to this modular architecture,
as they belong to the family of G-protein coupled receptors (Möglich et al., 2010;
Shcherbakova et al., 2015).

Photoreceptors can be divided based on the chromophore and their light-sensing
domain family. A least seven distinct classes of photoreceptors that respond
to visible light are known: Xanthopsins, LOV (light-oxygen-voltage) domains,
BLUF (blue light using FAD) sensors, cryptochromes, opsins, cobalamin-binding
domains and phytochromes. Each of these classes employs one of five different
chromophores: p-coumaric acid, flavins, retinals, cobalamin or tetrapyrroles
(Seong et al., 2021). The size and nature of the chromophore determines the
wavelength of light a photoreceptor can absorb (Figure 1.1).

In the following section, I will describe the molecular function of the various
photoreceptor classes, whereas the two sections after will elucidate how they
are employed as optogenetic tools to control protein-protein interactions (see
section 1.3) and GPCR function (see section 1.4).

1.2.1 Xanthopsins

The best known representative of xanothopsin photoreceptors is the photoactive
yellow protein (PYP), first identified in Halorhodospira halophile, a halophilic purple
photosynthetic bacterium (Meyer et al., 1987). Since then, PYPs have been identified
in multiple types of bacteria from a variety of metabolic niches. PYPs regulate
different physiological light-responses, such as negative phototaxis or buoyancy.
Despite extensive efforts, direct binding partners that give an insight into the
exact mechanism of this behaviour have only recently been identified (Meyer
et al., 2012; Kim et al., 2021). PYP serves as structural prototype for proteins
using the Per-Arnt-Sim (PAS) domains. PAS domains are protein modules found
across all kingdoms of life, where they are critical in the transfer of signals from
a variety of stimuli. They are also found in other photoreceptors, such as LOV
domains (see subsection 1.2.2) or phytochromes (see subsection 1.2.7). PYP binds

2



1.2. Photoreceptors

wavelength [nm]
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FIGURE 1.1: Chromophores of main photoreceptor classes. To sense light in the visible
spectrum, the main photoreceptors employ one of 5 chromophores or their derivatives,
which are maximally sensitive to different wavelengths of light. The main chromophores
are (1) p-coumaric acid, (2) flavins, (3) retinal, (4) adenosylcobalamin and (5) tetrapyrroles.

p-coumaric acid as chromophore, which undergoes trans-to-cis isomerization upon
absorption of blue light (λmax ≈ 450 nm), a reaction that reverses in the dark
within seconds. This leads to structural rearrangements ultimately resulting in
the unfolding of N-terminal α-helices from a β-sheet core (Tenboer et al., 2014;
Pande et al., 2016). While the study of PYPs has provided valuable insights into
the structural mechanism underlying photoreceptor activation on an atomic level,
PYPs have only found limited popularity as optogenetic tools. This is mainly
because the conformational change is difficult to exploit for optogenetic tools and
because the activation spectrum of PYPs overlaps with those of the highly versatile
and popular LOV domains.

3



Chapter 1. Introduction

1.2.2 LOV Domains

LOV (light-oxygen-voltage) domains were first identified in plant phototropins but
have since been discovered in diverse groups of proteins from funghi, bacteria and
archaea (Möglich et al., 2010). LOV domains belong to the group of PAS proteins
and are relatively small in size (∼ 11-15 kDa). LOV domains preferentially bind
flavin mononucleotide (FMN) as chromophore in a non-covalent manner, making
them maximally sensitive to blue light (λmax ≈ 450 nm). Upon absorption of blue
light, a covalent bond between FMN and a conserved cystein residue of the LOV
domain is formed, leading to activation of the domain. The specific structural
rearrangements and downstream signalling resulting from light-absorption differ
between LOV domains (Shcherbakova et al., 2015). In phototropins, light stimula-
tion causes an unfolding of the C-terminal Jα helix with subsequent activation of
the C-terminal kinase domain. In contrast, the LOV domains found in the Vivid
(VVD) photoreceptor from Neurospora crassa or in Aureochrome1 from Vaucheria
frigida exhibit light-induced PAS-PAS homo-dimerization (Zoltowski et al., 2008;
Takahashi et al., 2007).

Members of the LOV domain family share similar sequences, but exhibit distinct
kinetic behaviours. While light-activation of LOV domains is usually fully reversi-
ble, the time it takes to return to an inactive state in the dark ranges from seconds
to hours, and in some LOV domains is near irreversible (Pudasaini et al., 2015).
The variety of functions found among LOV domains has made them attractive
photoreceptors for the engineering of optogenetic tools.

1.2.3 Cryptochromes

Cryptochromes (CRYs) are photoreceptors found in archaea, bacteria as well
as eukaryotes and are involved in a multitude of processes, from growth and
development in plants to entrainment of circadian rhythm in higher plants or
animals (Lin et al., 2005). CRYs bind FAD as a cofactor and are sensitive to
blue light (λmax ≈ 450 nm) (Banerjee et al., 2007). Two main groups of CRYs
have been identified: Type I CRYs are light-sensing photoreceptors, such as plant
CRY1/CRY2 or Drosophila dCRY. Type II CRYs, on the other hand, are light-
unresponsive and found predominantly in mammals (such as mouse mCRY or
human hCRY) where they act as transcriptional repressors (Conrad et al., 2014).
Structurally, CRYs closely resemble photolyases and contain a characteristic N-
terminal PHR (photolyase homology region). The PHR domain binds FAD non-
covalently and thus functions as the primary light sensing domain. Furthermore,
CRYs can also bind a pterin chromophore which has been shown to function as

4



1.2. Photoreceptors

"antenna pigment", conferring energy harvested from the near-UV range to the
flavin cofactor (Hoang et al., 2008). In addition to the light-sensing domains, CRYs
also contain C-terminal elements which allow involvement in signalling cascades
(Möglich et al., 2010).

Among the best studied cryptochromes are those of Arabidopsis thaliana, particularly
AtCRY2, which regulates transcription in response to light, both directly and
indirectly. Plant CRYs function as dimers in the cell, mediated through the PHR
domain (Liu et al., 2016). AtCRY2 has been shown to directly interact with multiple
binding partners in a light dependent manner, such as with CIB1 (cryptochrome-
interacting basic helix-loop-helix) (Liu et al., 2008) or PhyB (phytochrome B) (Más
et al., 2000). Additionally, AtCRY2 is capable of forming homo-oligomers in
response to light (Yu et al., 2009).

1.2.4 BLUF sensors

BLUF (blue-light using flavin) sensors are small photoreceptors, first identified
in unicellular eukaryotes and bacteria. As their name suggests, they bind flavin
as their cofactor and are thus maximally sensitive to blue light. BLUF sensors
can be divided into two groups, group I and group II. Group I proteins contain
BLUF domains fused to a C-terminal effector domain exhibiting enzymatic or
other functions, with a majority of these proteins forming homo-dimers (Park
et al., 2017). Prominent examples of these proteins are a photo-activated adenylyl
cyclase from Euglena gracilis promoting photophobic response through light-
activated increases in cAMP (Iseki et al., 2002), or the well-studied protein AppA
from Rhodobacter sphaeroides involved in the regulation of genes important for
photosynthesis (Masuda et al., 2002). Group II consists of proteins with a BLUF
domain and only minimal additional C-terminal elements that do not exhibit
enzymatic properties and are mainly thought to enhance stability (Park et al.,
2017). Belonging to group II is the photoreceptor PixD from Synechocystis sp.
PCC6803. In the dark, PixD forms oligomers with the protein PixE consisting of
ten PixD and five PixE units (PixD10-PixE5). Upon light absorption, the complex
dissociates into PixD dimers and PixE monomers (Yuan et al., 2008).

1.2.5 Opsins

Opsin proteins have been found across all domains of life. Unlike the other
photoreceptors discussed here, opsins are transmembrane (TM) proteins. Opsins
can be divided into two distinct groups, microbial (type I) opsins, and animal
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Chapter 1. Introduction

(type II) opsins. Opsins bind retinal as their chromophore through a conserved
lysine residue in TM7 which forms a Schiff base with the chromophore (Ernst et al.,
2014). Even though the two groups share a similar 7-TM structure, they differ
significantly in their amino acid sequence and function.

Microbial Opsins

Microbial opsins are found in archaea, bacteria and lower eukaryota, and function
as light-activated ion pumps or channels. Microbial opsins bind all-trans retinal
as their cofactor, which is isomerized into 13-cis retinal upon light-absorption.
This reaction occurs rapidly and is reversible in the dark (Zhang et al., 2011).
Among the most famous examples of type I opsins is Channelrhodopsin 2 (ChR2),
a cation channel from the green algae Chlamydomonas reinhardtii responsible for
the mediation of phototaxis (Nagel et al., 2003). ChR2 was the first microbial
photoreceptor to be used for the light-control of mammalian cell function through
the rapid and reversible activation of neuronal firing (Boyden et al., 2005). This
first-of-its-kind repurposing of natural photoreceptors led to the introduction of
the field and term Optogenetics, and has transformed research in neuroscience
by enabling the targeted de- or hyperpolarisation of neurons. Since then, the
microbial opsin toolbox has been greatly expanded. As this thesis focuses on
optogenetic tools for the control of cellular biology rather than manipulation of
membrane potential in neurons, a more detailed discussion of microbial opsins
would be beyond its scope.

Animal Opsins

Type II or animal opsins belong to the family of G-protein coupled receptors
(GPCRs; see section 1.4). They are responsible for mediating vision across all
species (visual opsins), as well as fulfilling a range of other functions such as
entrainment of circadian rhythm or pupillary light reflexes (non-visual opsins)
(Terakita, 2005). The majority of animal opsins binds 11-cis-retinal as their chromo-
phore, although exceptions using other isoforms of retinal exist (Nagata et al., 2018).
Light absorption leads to cis-to-trans isomerization of the retinal, causing structural
rearrangements of the opsin backbone that subsequently exposes an intracellular
G-protein binding site. In solution, retinal is maximally sensitive to UV-light, with
low photo-isomerization efficiency (Shichida et al., 2009). However, in the opsin,
retinal is covalently bound to a conserved lysine residue in TM7 via a protonated
Schiff base, which shifts the spectral sensitivity into the visible spectrum and
drastically increases the isomerization efficiency (e.g. ≈ 65% in bovine rhodopsin,
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meaning that 2 out of 3 photons will result in retinal isomerization) (Shichida
et al., 2009; Ernst et al., 2014). A negatively charged residue in the vicinity of the
retinal - the "counterion" - maintains the protonation of the Schiff base in the dark.
Mutations of the counterion identity or position can lead to changes in spectral
sensitivity, such as in red-shifted cone opsins (Shichida et al., 2009). Opsins can
be further divided into "bleaching" or "bistable" opsins. The photoproduct of
bleaching opsins, such as vertebrate visual opsins like rhodopsin, is thermally
unstable. This results in release of the retinal chromophore upon photo-activation,
necessitating continuous retinal supply. In contrast, the light-activated form
of bistable opsins is thermally stable, and can revert back to the dark state by
absorbing light of a different wavelength while retaining their retinal chromophore
(Tsukamoto et al., 2010; Koyanagi et al., 2014). Well studied examples of bistable
pigments are melanopsin (Melyan et al., 2005; Spoida et al., 2016) or the box
jellyfish opsin, JellyOp (Bailes et al., 2012).

1.2.6 Cobalamin Binding Domains

Cobalamin binding domains (CBDs) are a recently discovered photoreceptor
class, and display a particularly interesting photomechanism. CBDs use 5’-
deoxyadenosylcobalamin, also called adenosylcobalamin (AdoCbl), a vitamin B12

derivative, as a cofactor (Ortiz-Guerrero et al., 2011) which makes them sensitive
to green light. B12 is an essential micro-nutrient for animals and many prokaryotes.
Due to the complex pathways for synthesis, it can only be produced by some
prokaryotes while animals are dependent on exogenous supply. Only recently
was it discovered that the light-sensitivity of AdoCbl, previously believed to be
an undesired effect, serves a physiological function as cofactor for photoreceptors
(Padmanabhan et al., 2017). The best characterized CBDs are from Myxococcus
xanthus and Thermus thermophilus where light leads to transcriptional induction
of carotenoid synthesis using the photoreceptor CarH. CarH binds AdoCbl in a
covalent manner and forms a dimer-of-dimers type tetramer in the dark, leading to
increased DNA binding and gene repression (Jost et al., 2015a). Light-absorption
causes breakage of a covalent Co-C bond within the chromophore which results
in dissociation of the tetrameric structure. This photomechanism is sensitive
to light of a wide range of wavelengths up to 530 nm, making it one of the
few photoreceptors also sensitive to green light (Ortiz-Guerrero et al., 2011).
Interestingly, light-dependent dissociation has been found to be reversible in
M. xanthus but irreversible in T. thermophilus, as cleaved AdoCbl remains bound
by the latter, preventing B12 exchange (Jost et al., 2015b).
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1.2.7 Phytochromes

Phytochromes are widespread photoreceptors found in plants, bacteria, cyano-
bacteria and funghi. They use linear tetrapyrroles (bilins) as a chromophore to
sense red (λmax ≈ 660 nm) and far red light (λmax ≈ 730 nm). Different forms of
tetrapyrroles (e.g, biliverdin, phycocyanobilin or phytochromobilin) are used by
different phytochromes (Takala et al., 2020). The chromophore is bound by the N-
terminal photosensory module, comprising of a PAS, GAF and PHY domain. Many
phytochromes contain additional C-terminal elements, most commonly histidine
kinases, involved in signal propagation (Rockwell et al., 2017). Plant phytochromes
were first discovered 50 years ago, but it was the more recent discovery of bacterial
phytochromes that has accelerated research of these photoreceptors. Phytochromes
have two stable photosensitive states: the red-light absorbing Pr and the far-red
light absorbing Pfr state. A full photocycle involves both states: the Pr state is
activated through absorption of red-light photons converting the phytochrome to
the Pfr state. Upon illumination with far-red light, the Pfr state then reverts back to
the Pr state (Sineshchekov, 1995; Rockwell et al., 2006). In most phytochromes, the
Pr state forms the dark state, but certain bacteriophytochromes have been found to
exhibit dark reversion to the Pfr state (Takala et al., 2020). Light absorption results
in different signalling behaviours, depending on the phytochrome: e.g. plant
phytochromes have been found to form heterodimers with PIFs (phytochrome
interacting factors) (Ni et al., 1999), whereas phytochromes from cyanobacteria
undergo homodimerization in response to red light (Strauss et al., 2005).

1.3 Protein-Protein Interactions

PPIs are among the core mechanisms responsible for controlling protein behaviour
and thus cellular physiology. PPIs can occur in many different configurations
and can be grouped by the type of complex formed (homodimers, heterodimers
or more complex interactions) or whether the complex formed is stable or of a
transient nature. Prominent examples of PPIs can be found in various processes:
For example, ligand binding to receptor tyrosine kinases (RTKs) on the plasma
membrane induces transient dimerization which leads to auto-phosphorylation
and propagation of downstream signalling (Lemmon et al., 2010). Cytosolic
caspase 9, on the other hand, homodimerizes and subsequently forms multimeric
complexes with adaptor proteins to induce cell death (Renatus et al., 2001).
Prominent tumor suppressor p53 depends on assembly into tetramers to bind to
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its target DNA sequence and regulate transcription (Chène, 2001). These are just a
few examples demonstrating the versatility of PPI regulation in the cell.

1.3.1 Light-controlled Protein-Protein Interactions

Using light as a stimulus makes it possible to study PPIs at a scale - both in time
and space - that is not possible with classical pharmacological methods. The
standard approach to achieve light-control is to to fuse a photoreceptor to the
protein of interest (POI). The diversity of photoreceptors, as described above,
allows for the selection of a suitable optical actuator based on different parameters.
The most common considerations for this purpose are the color of light (and thus
the chromophore) used, and the type of protein interaction that can be induced.
The following section will give an overview of how different photoreceptors have
been used to control a diverse range of proteins. This section will focus on Opto-
PPIs specifically in eukaryotic cells. For all sections, I will first review the principal
works followed by newer adaptations and applications of these.

1.3.2 Blue-light controlled PPIs

The majority of optogenetic tools developed to date are controlled using blue light.
There are numerous reasons for this: most blue-light sensitive photoreceptors
use flavin as their cofactor, which is commonly available in mammalian cells
without the need for exogenous supply (Hühner et al., 2015). In addition, blue-
light photoreceptors display a marked diversity in the type of PPIs they form.
Furthermore, most of the photoreceptors or binding partners are relatively small
and stable proteins making them convenient for protein engineering purposes.

Seminal studies using blue-light sensitive receptors generated optogenetic tools
using the cryptochrome CRY2 and the LOV domains AsLOV2, NcVVD and VfAU1.
The first use of CRY2 as an optogenetic tool developed a light-inducible hetero-
dimerizer with its binding partner CIB1. This was then employed to demonstrate
blue-light induced membrane recruitment, Gal4-dependent gene transcription
and split-CRE mediated DNA recombination (Kennedy et al., 2010). The first
use of CRY2 as an oligomerization tool was described a few years later, where it
was used to activate the Wnt/β-catenin pathway through LRP6-CRY2 clustering
(Bugaj et al., 2013). The LOV2 domain from Avena Sativa, AsLOV2, gave rise to
many heterodimerizing systems. As a photoreceptor itself, AsLOV2 does not form
dimers but relies on further engineering to form dimers. The first AsLOV2-based
hetero-dimerizing system was called TULIPs (tunable, light-controlled interacting
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protein tags). Here, a PDZ-binding peptide epitope was fused to the Jα-helix
of AsLOV2, making it only available for PDZ binding upon illumination and
Jα-unfolding (Strickland et al., 2012). A similar system with different epitopes
for hetero-dimerization has also been used in the iLID (improved light-induced
dimer) system (Guntas et al., 2015). The first instances of blue-light activated homo-
dimerization both used a LOV domain: the photoreceptor NcVVD was used to
develop the "LightOn" system to induce Gal4 dimerization and gene transcription
(Wang et al., 2012), while VfAU1 enabled the first instance of membrane-protein
dimerization to light-activate RTK signalling (Grusch et al., 2014). These tools
were instrumental in laying the ground work for further optogenetic tools.

CRY2 has since established itself as a commonly used photoreceptor for hetero-
dimerization or homo-oligomerization. In a recent study, CRY2 was fused to
the intracellular domain of Notch and resulted in light-controlled inhibition of
Notch/Delta signalling. Using this tool in Drosophila, the authors were able to
reveal how Notch signalling is differentially encoded on a tissue compared to cell
level (Viswanathan et al., 2019). In a very different application, the oligomerization
property of CRY2 was employed to develop phase-separating "Opto-droplets"
through fusion to intrinsically disordered protein regions (IDRs) (Shin et al., 2017).
A follow up study also engineered a reverse system by fusing the same IDRs to
the BLUF domain PixD and PixE which resulted in light-dissociable clusters. The
authors used these tools to study how spatial patterning is influenced by phase
separation (Dine et al., 2018).

Another new hetero-dimerizing system called "Magnets" and has recently gained
popularity. Magnets were developed from the domain NcVVD which originally
homo-dimerizes upon light stimulation. By mutating the dimer interface to
obtain two different subunits, one more positively and one more negatively
charged, the authors were able to engineer the subunits to form hetero-dimers,
with advantages over other systems, such as improved kinetics and similarly sized
subunits (Kawano et al., 2015). The hetero-dimerizing systems Magnets, CRY2-CIB
and iLID were meticulously benchmarked and compared with each other in a
recent study that sought to determine the best system for controlling intracellular
localisation with light (Benedetti et al., 2018). The study elegantly illustrates how
similar systems can still behave differently, and that finding the optimal tool for
a certain application may require extensive testing. As a follow-up, the authors
went on to characterize and optimize magnets, overcoming major disadvantages
of this system, such as temperature sensitivity (Benedetti et al., 2020).

The LOV domain VfAU1 remains among the most commonly used photoreceptors
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to induce light-activation of transmembrane receptors, in particular RTKs. Very
recent applications include the RET (REarranged during Transfection) and BMP
(bone morphogenic protein) receptors (Ingles-Prieto et al., 2021; Humphreys et al.,
2020). Light-activated RET was tested as a treatment option in a Drosophila model
of Parkinson’s and showed that light-activation of the RET-MAPK-Erk pathway
alleviates disease phenotypes (Ingles-Prieto et al., 2021). This study is among the
first to use optogenetics as a potential treatment option for degenerative diseases,
as this avenue has to date been limited to vision restoration. For the engineering
of Opto-BMP receptor, the choice of the homo-dimerizing domain VfAU1 for light-
activation is a less intuitive one. BMP signal activation requires the dimerization
of two different receptor subtypes, BMPR1 and BMPR2. Nevertheless, Opto-BMP
is able to confidently light-induce BMP signalling in chondrocytes and human
embryonic stem cells (Humphreys et al., 2020). The authors base their approach
on an earlier study that used VfAU1 for hetero-dimerization of Nodal receptors
in zebrafish (Sako et al., 2016). While there is no feature of VfAU1 that makes
it particularly suitable for heterodimerization, there are arguments that make
it better suited for membrane bound proteins than other dimerization systems:
the plasma membrane functions like a 2D system, not 3D like the cytosol, thus
effective protein concentrations and interactions are increased (Kholodenko et al.,
2000). VfAU1 seems to provide a combination of affinity and dimer lifetime that
results in favourable properties for light-activated membrane receptors under
these conditions, particularly low dark activity (Mitra et al., 2012; Grusch et al.,
2014).

1.3.3 Green-light controlled PPIs

Tools based on the green-light controlled cobalamin binding domains (CBDs) are
the most recent addition to the optogenetic toolbox. The ability to use green light
for activation makes them attractive when paired with fluorescent proteins that
are often sensitive to blue or red light, or for use in otherwise multi-chromatic
experiments. However, the dependence of CBDs on AdoCbl as chromophore adds
another layer of complexity to these experiments, since the cofactor needs to be
exogenously supplied to the system (Kainrath et al., 2017).

The first application of CBDs for optogenetics was not until 2017, when two types
of CarH, from M. xanthus and T. thermophilus were employed in a study to control
FGFR (fibroblast growth factor receptor) activity with green light. Of note is that
these photoreceptors dissociate upon illumination which results in this particular
tool being "on" in the dark, but "off" in the light. This allowed the researchers
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to study the effects of constitutively active FGFR signalling in zebrafish during
development, without the need for constant high-intensity illumination (Kainrath
et al., 2017).

Soon after, two separate studies used CarH to control gene transcription with green
light. For this, they made use of the endogenous function of CarH to bind a specific
DNA promoter region, CarO. Both studies achieve gene transcription through
fusion of CarH to strong transcriptional activators, but light-simulation stops gene
transcription in one system while it activates gene transcription in the other. In
the first study, CarH binds its cognate DNA in the dark leading to transcription
that is abolished upon illumination through light-induced transcription factor
dissociation (Chatelle et al., 2018). The second study employs a multi-component
system: One component is a CarH-transcriptional activator fusion, whereas a
second component consists of CarH fused to a membrane anchor. In the dark,
CarH is sequestered to the cell membrane, and only upon illumination is the
CarH-transcriptional activator component released and available to bind DNA
(Mansouri et al., 2021).

CarH has also found use in slightly different applications, namely to study the
effect of polymer and matrix interaction on cell behaviour. The first application
of this kind used CarH to engineer a protein-based hydrogel for cell culture,
which solubilized upon illumination (Wang et al., 2017). Two further studies used
CarH to investigate cell-matrix and cell-cell adhesion, respectively. On the one
hand, CarH patterned surfaces were used for light-controlled binding of cells to
the matrix (Xu et al., 2020), and on the other to control cell-cell clustering and
migration with light (Nzigou Mombo et al., 2021).

1.3.4 Red-light controlled PPIs

Phytochromes are attractive photoreceptors to use for optogenetic purposes due
to their red-shifted activation spectrum, which makes it easy to multiplex with the
most commonly used fluorescent proteins or other optogenetic tools. In addition,
the ability to switch between their Pr and Pfr states with red and far-red light
provides more control over their activity than for photoreceptors that exclusively
rely on dark reversion. Similar to CBDs, phytochromes incorporate an exogenous
chromophore when used in eukaryotic cells (Levskaya et al., 2009). Red-light tools
are also particularly attractive for in vivo applications due to the increased tissue
penetration of red light (Reichhart et al., 2016).
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The first published use of phytochromes as optogenetic tool was in 2002, before
the use of microbial opsins in neuroscience even coined the term "optogenetics".
This first study used the PhyB/PIF3 heterodimerizing pair from A. thaliana to
engineer the first orthogonal light-activated gene transcription system in yeast
cells, and showcased the feasibility of expressing plant receptors and supplying
the chromophore to eukaryotic cells (Shimizu-Sato et al., 2002). It was several
years later that the PhyB-PIF system was further optimized for use in mammalian
cells. Multiple PhyB and PIF constructs were tested for expression and reversible
dimerization with the conclusion that a tandem repeat of the PAS domain in
PhyB was required for reversibility. The authors used this optimized PhyB-PIF6
system to activate Rho GTPase family members through translocation to the cell
membrane, which allowed them to study cytoskeletal changes (Levskaya et al.,
2009). The first application of a red-light homo-dimerizing system in mammalian
cells repurposed not plant, but cyanobacterial phytochromes from Synechocystis
and showed that the sensory domain was sufficient to induce dimerization and
signalling of RTKs. This study also highlighted another major advantage of red-
light activated tools, namely the increased tissue penetration compared to light of
lower wavelengths, which is especially relevant with in vivo applications in mind
(Reichhart et al., 2016).

The PhyB-PIF system continues to be commonly used. In a recent application,
PhyB-PIF was used to activate the Ras-Raf-MEK-Erk pathway ("Opto-sos") and
employed to profile the effect of Ras inhibitors and oncogenic Ras mutations on
the encoding of these signals and downstream output (Bugaj et al., 2018). To
further optimize the PhyB system, a recent study aimed at determining crucial PIF
domains: by benchmarking several PIF variants for their PhyB binding capabilities,
the authors identified PhyB-PIF variants with properties like increased binding
affinities or lower basal activity (Golonka et al., 2019). Newer developments of
red-light optogenetic tools revolve around the use of bacterial phytochromes. The
bacterial phytochrome from Deinococcus radiodurans, DrBphP, exhibits inverse
activity compared to plant phytochromes: In the Pr-state, DrBphP is already in a
homodimer conformation, and stimulation with red light transitions DrBphP into
the Pfr state in which the phytochrome is monomeric. Illumination with far-red
light or prolonged darkness reverses the phytochrome back into its dimerized
state. DrBphP was fused to the RTK TrkB resulting in a receptor that was turned
on under far-red light or darkness, and off under red light (Leopold et al., 2019).
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1.4 GPCRs

Opsins are the only photoreceptors that are transmembrane proteins. While both
microbial and animal opsins are 7-TM proteins, only animal opsins belong to the
family of G-protein coupled receptors (GPCRs) which have inherent downstream
signalling capabilities.

GPCRs form the largest class of transmembrane proteins, with more than 800 genes
in the human body. GPCRs are expressed in all tissues throughout the human
body where they sense a range of extracellular stimuli, such as neurotransmitters,
hormones, peptides or also light, and translate them into intracellular signals.
Their involvement in many physiological processes as well as their implication in
several diseases accords them exceptional pharmacological importance, which is
highlighted by the fact that ∼ 30% of all current prescription drugs target GPCRs
(Hauser et al., 2017). GPCRs can be divided into five families based on sequence
and functional similarity: rhodopsin (class A), secretin (class B), glutamate (class
C), Frizzled/Taste2 (class F) and adhesion receptors (Fredriksson et al., 2003).
Roughly 400 receptors are olfactory receptors. Of the remaining GPCRs, class A
forms the largest group, with almost 300 receptors. Of these, ∼ 90 receptors are
still considered orphan receptors without identified ligands (Laschet et al., 2018).

1.4.1 GPCR signalling

Canonical GPCR downstream signalling is mediated, as the name suggests, through
coupling to heterotrimeric G-proteins (GTP binding proteins) consisting of an α, β

and γ subunit. Upon receptor activation, GPCRs undergo distinct conformational
changes that result in the opening of a cytoplasmic binding site for G-proteins and
other downstream effector proteins. G-proteins are classified into four main groups
based on their Gα subunit: Gαs, Gαi, Gαq and Gα12 (Oldham et al., 2008). They
principally act on adenylyl cyclase to increase or decrease cAMP levels, mobilize
intracellular Calcium and stimulate Rho GTPases, respectively. In humans, at least
21 Gα subunits, 6 Gβ subunits and 12 Gγ subunits exist, which can assemble in
a multitude of combinations, leading to functionally distinct outcomes (Masuho
et al., 2021). With hundreds more GPCRs than G-proteins, G-proteins must display
exquisite differentiation to bind to multiple, yet specific GPCRs. At the same time,
GPCRs can signal pleoitropically via multiple G-proteins. Numerous efforts have
been made to delineate the mechanism of this selectivity, but so far, no consensus
motifs have been discovered, making it likely that any coupling determinants
are defined through three-dimensional epitopes rather than amino acid sequence
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(Flock et al., 2017; Glukhova et al., 2018). Additionally, GPCRs can signal via
coupling to β-arrestin or via pathways that do not require G-proteins, such as the
canonical Wnt-Frizzled pathway. GPCR signalling complexity is further increased
by factors such as tissue and cell state specific expression, signalling via multiple
G-proteins, GPCR dimerization or modification through other proteins (Maudsley
et al., 2005; Farran, 2017). In addition, different ligands acting on the same receptor
can induce distinct signalling outcomes (Wootten et al., 2018; Kenakin et al., 2013)

1.4.2 GPCR structures

GPCRs display low sequence similarity across different classes, sometimes even
within the same class (Cvicek et al., 2016), but share a common topology. GPCRs
are comprised of seven transmembrane helices (TM1-7), connected by three
extracellular loops (ECLs 1-3) and three intracellular loops (ICLs 1-3), with an
extracellular N-terminus and a cytoplasmic C-terminal tail. Rhodopsin was the
first GPCR whose structure was solved, both in inactive and active form, using
X-ray crystallography. These structures were vital in giving first accounts of
how GPCRs are kept in an inactive state ("ionic lock)" (Palczewski et al., 2000;
Scheerer et al., 2008) or the conformational rearrangements that occur on the
cytoplasmic side upon receptor activation (Park et al., 2008; Rasmussen et al.,
2007). The next major milestone in the understanding of GPCR functionality
was reached when the first fully active, G-protein bound structure of a GPCR
(β2AR) was solved in 2011, giving detailed insight into G-protein engagement
(Rasmussen et al., 2011). Since then, the number of GPCR structures in inactive,
active or G-protein and arrestin bound form has increased dramatically, with
more than 500 structures of over 100 unique GPCRs available, thanks in large to
the advancement of cryo-EM technologies (Munk et al., 2019). The information
obtained from the structural study of GPCRs has been imperative in elucidating
molecular mechanisms involved in GPCR function such as the rearrangement of
hallmark motifs (DRY, PIF, NPxxY), the G-protein subtype specific displacement
of TM6, the determination of G-protein binding residues or the identification
of conserved intra-molecular contacts (Glukhova et al., 2018; Hilger et al., 2018;
Venkatakrishnan et al., 2013).

1.4.3 Review Article: Light-activated chimeric GPCRs: limitations

and opportunities

Several avenues for the light-control of GPCRs have been developed to date, both
using photopharmacology and optogenetics (Abreu et al., 2020). Approaches
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include the use of photocaged or photoswitchable ligands (Banghart et al., 2012;
Schönberger et al., 2014), photoswitchable tethered ligands (Levitz et al., 2013) or
chimeric light-activated GPCRs (OptoXRs) (Kim et al., 2005; Airan et al., 2009).
In this thesis, focus lies on the use of photoreceptor proteins to control protein
function, such as used in OptoXRs, which is why other approaches for light-
activated GPCRs will not be discussed in more detail.

Unlike Opto-PPIs, which are sequential fusions of optical actuator to protein of
interest in the majority of tools, OptoXRs are intricate chimeras with multiple
fusion sites between a target and an acceptor GPCR. The following Review article
discusses the underlying principles of OptoXRs, the limitations current OptoXRs
experience and what opportunities lie in our increased understanding of GPCRs
with respect to OptoXR design.

Alexandra-Madelaine Tichy et al. (2019b). “Light-activated chimeric GPCRs:
limitations and opportunities”. In: Curr. Opin. Struct. Biol. 57, pp. 196–203.
DOI: 10.1016/j.sbi.2019.05.006
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Light-activated chimeric GPCRs, termed OptoXRs, can elicit

cell signalling responses with the high spatial and temporal

precision of light. In recent years, an expanding OptoXR toolkit

has been applied to, for example, dissect neural circuits in

awake rodents, guide cell migration during vertebrate

development and even restore visual responses in a rodent

model of blindness. OptoXRs have been further developed

through incorporation of highly sensitive photoreceptor

domains and a plethora of signalling modules. The availability

of new high-resolution structures of GPCRs and a deeper

understanding of GPCR function allows critically revisitation of

the design of OptoXRs. Next-generation OptoXRs will build on

advances in structural biology, receptor function and

photoreceptor diversity to manipulate GPCR signalling with

unprecedented accuracy and precision.
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Introduction
With more than 800 expressed genes, GPCRs form the

largest human receptor family. GPCRs are found in

virtually all tissues and are involved in most physiologi-

cal processes with exceptional importance as targets for

�30% of all prescription drugs [1,2]. Vertebrate GPCRs

can be divided into five classes that are commonly

referred to using the name of the prototype member

of the class or a nomenclature derived from sequence

alignments: The rhodopsin receptors (class A), secretin

receptors (class B1, often referred to as class B), gluta-

mate receptors (class C), frizzled/smoothened receptors

(class F) and adhesion receptors (class B2) [3]. Class A is

the largest class with �700 expressed proteins in humans

of which �400 have been assigned to sensory functions

(detecting mainly odorants, light or taste). In contrast,

between �10 and 30 receptors are found in the other

classes. GPCRs signal through heterotrimeric G-proteins

that are formed by Ga subunits of four main groups (Gas,

Gai, Gaq and Ga12) and a pair of b and g subunits. The

Ga subunits act on disparate effectors, including dual

roles on adenylyl cyclases to increase (Gas) or decrease

(Gai) cyclic adenosine monophosphate (cAMP) levels,

activate phospholipase C to liberate intracellular Ca2+

(Gaq), or stimulate Rho GTPases (Ga12) [4,5]. The Gb/g
subunits directly modulate other effectors, for example,

membrane cation channels or intracellular kinases [6].

Arrestins, for example, arrestin2 and 3 (b-arrestin1 and

2), bind to the phosphorylated C-terminus of activated

GPCRs to quench signalling through competition with

G-proteins [7] or promotion of endocytosis [8]. Further-

more, b-arrestins assemble scaffolds to activate signal-

ling pathways distinct from those mediated by G-

proteins [9]. Signalling can also occur via other G-protein

independent pathways, such as the wnt-frizzled [10] or

the hedgehog-smoothened [11] axes (Figure 1a).

Outcomes of GPCR activation are generally dependent

on cell type, the contextual state of the cell, and subcel-

lular receptor localization. The emerging complex and

inherently dynamic signalling activities can be difficult to

dissect using pharmacological methods, which may have

limited specificity for receptors or pathways, or using

genetic methods, which induce chronic changes in the

organism’s cellular protein repertoire, including GPCRs.

To provide new research tools, GPCRs have been subject

to extensive molecular reengineering in the past years

[12,13]. One such approach is the formation of ‘chimeric’

receptors named after mythological creatures composed

of different parts from multiple animals [14]. In GPCR

chimeras, secondary structure elements are transferred

from a ‘donor’ to an ‘acceptor’ receptor to modularly

create new functionalities (Figure 1b). This is possible

because of a shared topology formed by seven
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transmembrane (TM) helices (TM1–7) connected by

three extracellular loops (ECL1–3) and three intracellular

loops (ICL1–3; the N-terminus is extracellular and the C-

terminus intracellular) (Figure 1a). The N-terminus,

TM1–7 and ECL1–3 are commonly associated with

ligand binding and receptor activation, whereas ICL1–

3 and the C-terminus contain residues that guide down-

stream signalling. GPCR chimeras have been utilized to

study receptor structure and function [15,16], down-

stream coupling of orphan receptors [17,18], allosteric

ligands [19,20], the importance of subcellular localization

in signalling [21–23], as well as to achieve unprecedented

control over signalling using light activation [13,24–26].

This opinion focuses on light-activated chimeric GPCRs

termed OptoXRs [27] (Table 1). These receptors were

developed within the field of optogenetics to permit

activation of specific signalling pathways ex vivo and in
vivo with high spatial (e.g. in single cells or subcellular

structures) and temporal (e.g. at specific points in time

over a wide range of timescales) precision; these recep-

tors complement optogenetic/chemogenetic tools dis-

cussed in other contributions to this Special Issue.

The first OptoXR emerged in 2005 [28] and, like most

that followed, was constructed by replacing elements of

mammalian rhodopsin (rho), the GPCR found in retinal

rods and responsible for dim light vision, with those of a

GPCR of interest (Figure 1b). It is noteworthy that

OptoXRs are only one of several methods to trigger

GPCR signalling in optogenetics. For instance, light

activation can also be achieved through heterologous

expression of animal opsins using their native G-protein

coupling capacity with recent successes both ex vivo and

in vivo [21,23,29–31,32�,33�]. Other applications of opto-

genetics also include light-dependent recruitment of

constitutively active Ga subunits to the cell membrane

[34]. Here, we first summarize the design of existing

OptoXRs along with their applications. We then discuss

OptoXRs in light of recent GPCR structures. Finally, we

highlight possible limitations of the chimeric receptor

approach and potential next-generation tools.

OptoXR designs and applications
OptoXR designs are based on seminal studies in which

secondary structure elements were swapped between

adrenergic receptors (ARs) [15,16]. These chimeras

revealed that ICLs, in particular ICL3, are important

for G-protein coupling specificity, a finding that was also

demonstrated for other receptor families. The first

OptoXR, termed AB2/CD2/EF2/Ct2 [28] or opto-

b2AR [27], combined bovine rho (natively coupled to

Gai) and hamster b2AR (natively coupled to Gas). Opto-

b2AR is arguably the best studied chimera and recapi-

tulates many behaviors of native b2AR, including

increased cAMP levels, phosphorylation of extracellular

signal-regulated kinase and receptor internalization

[27,35]. Activation by light followed the same kinetics

as by ligand addition and occurred in a light-intensity

dependent manner [35,36]. Furthermore, mutations

known to regulate receptor efficacy have been success-

fully ported from b2AR to opto-b2AR [35]. Opto-b2AR
and other OptoXRs have been utilized in awake rodents

to study the neural circuits driving memory, place pref-

erence and other behaviors [27,35–39]. More recently
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GPCR topology and OptoXR design. (a) GPCRs sense various extracellular stimuli through extracellular and TM domains, while the intracellular

domains mediate downstream signalling. (b) Prototypical strategy in which domain swapping is employed to engineer light-activated chimeric

GPCRs (OptoXRs).
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[42�], the OptoXR strategy was applied to understudied

and orphan GPCRs for which both activating ligands and

downstream signalling functions were unknown [40,41].

Using light-activated variants, activation of GPCR-depen-

dent signalling pathways was revealed [42�]. Notably, the

above mentioned OptoXRs weregenerated between mem-

bers of the class A GPCR subfamily. The first light-acti-

vated inter-class chimera was Opto-mGluR6, which com-

bined the class C GPCR mGluR6 and the light-sensing

class A GPCR melanopsin (mel) (mel was chosen due to its

desirable photochemical properties; see below) [43]. Opto-

mGluR6 effectively responded to dim light and, when

expressed in retinal ON-bipolar cells in a mouse model

of blindness, restored behavioral light sensitivity. The most

recentexampleof an inter-classOptoXRisOpto-Frizzled7,

a class F-classA chimera employedtoelucidate theeffectof

Wnt signalling on mesendoderm cell migration in the

developing zebrafish [44�]. These examples highlight

the utility of OptoXRs, through their capability to activate

signalling locally and rapidly without chemical ligands, in

neural circuit dissection, dissection of receptor function,

during vertebrate development and even as next-genera-

tion therapeutic agents. Despite these successes, OptoXRs

can be better understood and potentially improved by

taking recent GPCR structural studies into account.

Structure-assisted analysis of OptoXRs
In recent years, there has been a dramatic increase in the

number of high-resolution structures of GPCRs, in

particular for receptors in complex with G-proteins.

Rho was the first GPCR for which atomic coordinates

were obtained (first in the inactive state in 2000 and in the

active state in 2008 [45,46]). Structures for several other

class A receptors emerged in the following years and for

members of other classes in 2013 and 2014 (e.g. for the

glucagon and corticotropin-releasing factor receptor 1

(class B) [47,48], smoothened (class F) [49] and mGluR1

(class C) [50]). �300 crystal and cryo-electron microscopy

structures for �50 GPCRs are currently available, some of

which were solved in complex with G-proteins for class A

(including rhodopsin [51�]) and class B GPCRs [52��,53].
These structures allow identification of secondary struc-

ture elements, in particular TM helices, and key residues

involved in receptor activation and transducer binding.

Revisiting the general design of the prototypical rho-

based opto-b2AR (Figure 2a), which combines two recep-

tors with similar structures (Figure 2b), reveals that not

only were ICLs exchanged between the two receptors but

also significant segments of TM helices (e.g. in Figure 2a,

grey boxes denote transferred residues and horizontal

lines denote TM helices; boxes and lines partly overlap;

also see Figure 2b–d). This realization may prompt revi-

sion of the historic terminology that OptoXRs originate

from ICL exchanges. Of particular relevance for analysis

of OptoXRs is progress in the identification of residues

that interact with G-proteins. During GPCR activation,

TM5 and TM6 rotate away from each other, in a receptor

subtype-specific manner, opening a cytoplasmic cavity for
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Table 1

OptoXRs for light activation of GPCR signalling. Receptors are listed in order of year of first publication and are of mammalian origin,

unless stated otherwise. (*) Entries in the transferred elements column follow the nomenclature of the original publications

Donor Acceptor Transferred

elements*

Application References

b2AR and a1AR Rho ICL1–3, Ct Understanding receptor function,

manipulation of cell signalling ex vivo and

manipulation of animal behavior

[27–29,35]

5-HT1A Rho ICL1–3, Ct None (constitutive activity upon light

activation)

[22]

MOR Rho ICL1–3, Ct Manipulation of cell signalling ex vivo and

animal behavior

[36,37]

D1R and D2R Rho ICL1–3, Ct Manipulation of cell signalling ex vivo and in

vivo

[38,42�]

CXCR4 Rho ICL1–3, Ct Manipulation of cell signalling ex vivo and

cell migration in vivo

[74]

A2AR Rho ICL1–3, Ct Manipulation of cell signalling ex vivo and

animal behavior

[39]

mGluR6 Mel ICL2, 3, Ct Manipulation of cell signalling ex vivo and

vision restoration

[43]

Opsin (jellyfish) OPN3 ICL3 Understanding receptor function [17]

5-HT2A Mel ICL1–3, Ct Manipulation of cell signalling ex vivo [60]

64 understudied and orphan receptors Rho ICL1–3, Ct Understanding receptor function [42�]
mAChR1, 2, 3 Rho ICL1–3, Ct Manipulation of cell signalling ex vivo [42�]
FFR3 Rho ICL1–3, Ct Manipulation of cell signalling ex vivo [42�]
Opsin (jellyfish) Peropsin (spider) ICL1–3 or ICL3 Understanding receptor function [75�]
OPN3 (mosquito) Peropsin (spider) ICL1-3, Ct Understanding receptor function [75�]
Frizzled7 (zebrafish) Rho ICL3, Ct Manipulation of signalling in development [44�]
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Structure-assisted analysis of opto-b2AR. (a) Sequence alignment obtained by superimposing active state structures of rho (PDB ID 6CMO) and

b2AR (PDB ID 3SN6) using cealign in PyMol (Schrödinger, Inc). Helix boundaries were obtained from the Research Collaboratory for Structural

Bioinformatics Protein Data Bank website using the sequence feature. Grey: swapped intracellular domains to generate opto-b2AR. Bold: residues

located specifically in helices and in contact with G-proteins (taken from Ref. [52��]). (b) Superimposed active state structures from (a) highlighting

the residues that were retained (purple) or replaced in rho (pink) with those of b2AR (light green) in the prototypical opto-b2AR. (c and d) Snake-

plots of human rho and b2AR secondary structures (adapted from GPCRdb) with the colours as in (b). Not shown here is a short fragment of rho

(TETSQVAPA) that is retained at the far C-terminus of opto-b2AR and other rho-based OptoXRs.
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G-protein insertion. The residues of class A and class B

GPCRs that interact with Ga are mainly found in TM3,

TM5, TM6, ICL2, ICL3, and the C-terminus [52��,54��].
In rho and b2AR, some of these residues are located in the

TM helices up to several turns away from the intracellular

helix ends (e.g. see residues highlighted in bold in TM3,

TM5, or TM6 in Figure 2a). Notably, the analysis of opto-

b2AR reveals that not all of these residues have been

incorporated in the chimera (Figure 2a; some bold residues

lie outside of the grey boxes). The degree of conservation at

these sites (e.g. a high degree of conservation for receptors

from the same family) and at potential interaction sites

located nearby [52��,54��] will be specific to the acceptor

and donor GPCR. It is therefore difficult to predict how

omissions of donor residues at these sites impact OptoXR

function, and examination of these regions provides one

approach to address chimeras that are expressed and mem-

brane-localized but not functional.

In the context of receptor activation, systematic analysis

of non-covalent contacts in multiple recent class A recep-

tor structures revealed broadly conserved interhelical

interactions linked to this process [55,56]. In particular,

a network of interactions formed on the intracellular side

of active receptors points to a consensus conformation

that may underlie the success of chimeras within this

receptor class. Whereas similarities in the activation

mechanism of GPCRs from different classes exist, such

as the outward movement of TM6, there are also signifi-

cant differences (e.g. the extent of kinking and outward

movement of TM6 is greater in class B GPCRs) [57,58]. It

thus remains to be seen whether inter-class chimeras can

be designed rationally, which will be more likely success-

ful in the case of receptors that show highly similar

conformational changes during activation.

Limitations of OptoXRs
As with any other experimental approach, inherent lim-

itations exist when using OptoXRs. One central question

is to what extent chimeras mimic wildtype receptors.

Many studies showed that OptoXRs can activate the

same downstream signalling pathways as the donor recep-

tors. For instance, signalling of nine chimeras activated by

light was recently compared side by side to that of the

donor receptors activated by their cognate ligands. In four

transcriptional reporter assays, false positive or false neg-

ative downstream signalling was not observed [42�].
However, chimeric receptors that did not show the pre-

dicted functionality [22,59] or exhibited reduced folding

and stability [28,60] have been reported in some cases.

These results indicate that careful functional analysis of

engineered receptors is required, which should include

real-time assays of secondary messengers and receptor

internalization [35,36].

It is likely that important aspects of GPCR function are

not preserved in chimeras. For instance, the strength and

bias between G-protein-dependent and b-arrestin-
dependent signalling activities of GPCRs are intricately

linked to specific ligand–receptor interactions that are

absent in OptoXRs [58,61–63]. Notably, detailed infor-

mation on pathway bias in OptoXR signalling, which may

have profound consequences on how cell behavior is

modulated, is missing because only few studies included

multiple cell signalling assays. Similarly, other receptor

behaviors, including dimerization or association with co-

receptors, contribute to GPCR function [64,65]. These

behaviors are often driven by the TM helices and/or N-

terminal extracellular domains that are not included in

OptoXRs. Finally, it has been shown that overexpressed

receptors can compete with endogenous receptors, for

example, for localization in functional compartments

[22,26]. In summary, it is advisable to carefully consider

experimental context when working with OptoXRs to

determine which properties of the engineered receptors

are required. It is noteworthy that recapitulation of only

some aspects of donor receptor function could also be

exploited to investigate how specific signalling axes con-

tribute to a cell or animal phenotype [35]. Naturally

occurring light-activated GPCRs provide ready-made

alternatives to OptoXRs that can also activate specific

G-protein-dependent and b-arrestin-dependent signal-

ling pathways upon heterologous expression [21–23,29–

31,32�,33�] and even may offer favorable photochemical

properties (see below). However, these receptors may

also activate only a subset of signalling pathways linked to

the endogenous GPCR of interest and may also do so

from different subcellular compartments (a shortcoming

that can be addressed by inclusion of targeting sequence

motifs [21–23]).

Next-generation designs
The coming years will likely see improved OptoXRs. It is

noteworthy that while vertebrate rho is well studied,

likely a key factor when choosing it for early designs, it

has some disadvantages in the context of OptoXRs. For

instance, the wavelength of maximal absorption of rho is

�500 nm and the peak width at half maximum absorption

is �100 nm [66]. This suggests efficient photon absorp-

tion of broad visible light. Whereas this property can be

advantageous in some animal models that require specific

wavelengths for efficient tissue penetration, it in turn

limits compatibility in the use of other optogenetic tools

and fluorescent reporters in the same experiment. Spec-

tral tuning of OptoXRs could be achieved through point

mutations, such as those found in human cone opsins that

have been applied to rhodopsin previously [67,68], or

through a different acceptor. Specifically, short-wave-

length-sensitive or long-wavelength-sensitive cone

opsins or invertebrate opsins may free up blue or yellow

wavelengths, and multiple OptoXRs or other optogenetic

tools could then be used one at a time or in combination to

test for the synergistic/antagonistic action of multiple

signals. Further red-shifted absorption may also aid
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in vivo applications because red light penetrates tissues

better than blue or green light. One additional property of

rho is that its photocycle entails very slow loss and

subsequent replenishing of the retinal chromophore. This

‘bleaching’ effectively limits the photoresponse magni-

tude and light sensitivity. Nature has evolved many opsin

classes that form stable photoactive states and subse-

quently are able to self-regenerate photosensitivity

(termed ‘bistability’) [69]. Notably, Opto-mGluR6

employs a mel core, which is light-sensitive, resistant

to bleach and can be toggled on/off with two colors of

light [33�,43]. The absence of high-resolution structures

for mel limits further rational design, but this may not be

the case for other invertebrate opsins with desirable

photochemical properties and known structures [70,71].

In summary, acceptors other than rho may permit new

types of experiments, including those with multiplexed

optogenetic tools in parallel and with lower light intensi-

ties. Irrespective of the choice of acceptor, the ability of

OptoXRs to be activated by light, independent of diffus-

ible ligands, could be combined with localization of these

receptors to distinct subcellular compartments. The

impact of GPCR signalling from different compartments

is an exciting area of research [72,73] that will likely

benefit from OptoXRs.

Conclusions
OptoXRs provide unique opportunities to interrogate

how complex GPCR-mediated signalling activity regu-

lates cell and animal behavior. The unprecedented spatial

and temporal precision endowed by using light has

enabled novel finely tuned experiments in the nervous

system and during vertebrate development, and one

OptoXR has been suggested as a novel therapeutic agent.

In general, OptoXRs were designed to enable controlled

inputs by preserving the topology and conformational

changes of the light-sensitive acceptor GPCR and at

the same time providing binding sites for donor-specific

downstream signalling components. Our analysis suggests

that past OptoXRs did not contain all residues that

interact with Ga in the donor. This finding suggests that

purely sequence-based ‘cut-and-paste’ approaches, albeit

yielding functional proteins, may be refined with struc-

tural information, including additional knowledge about

downstream binding partner interaction. Structural anal-

ysis and refined designs will be of particular importance in

inter-class chimeras as acceptor and donor receptors have

lower degrees of sequence and structural conservation. It

is important to recognize that chimeras, such as OptoXRs,

are activation tools and cannot fully replicate native

receptor behavior; nonetheless, great promise lies in

tuned OptoXRs to better exploit the high levels of spatial

and temporal control afforded by light activation.
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Chapter 2

Engineering of light-activated
protein-protein interactions

2.1 Chapter Summary

In this chapter, we set out develop a method to streamline the process of engineering
optogenetic tools for the control of protein-protein interactions. The expansion of
the optogenetic toolbox is providing ever more opportunities and possibilities for
these tools to be utilized. However, the number of possible processes or proteins
of interest that can be controlled through PPIs far exceeds the optogenetic tools
available to precisely target all of them. For the interrogation of a specific process,
it is therefore often necessary to newly engineer an optogenetic tool. This process
is not always a straight forward one. For example, different photoreceptors may
work better or worse for a given target protein, or multiple optimization steps, such
as fusion site or linker length, may be required to obtain an ideal conformation.
Here, we developed a simple engineering strategy as well as a plasmid library
to facilitate this process of testing different photoreceptors and conformations.
The plasmid library provides access to the most commonly used photoreceptors
for PPI control, while the engineering strategy simplifies the cloning and testing
of multiple photoreceptors, in multiple conformations. In a proof-of-principle
application, we use the library to develop a light-inducible caspase 9, Opto-
casp9, to control apoptosis. In the context of establishing optogenetict tools
and experiments, Opto-casp9 can be used to test illumination devices and light-
contamination with an easy to determine read-out, namely cell death/survival.
Together, this presents a new resource that will enable an even broader use of
optogenetics for the control PPIs. Especially for researchers whose primary focus
lies in the application, rather than the development of specific optogenetic tools,
we envision this resource to lower the barrier and make optogenetics for the
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control of cell signalling even more accessible.

2.2 Research Paper: Engineering strategy for Opto-

PPIs

Alexandra-Madelaine Tichy et al. (2019a). “Engineering Strategy and Vector
Library for the Rapid Generation of Modular Light-Controlled Protein-Protein
Interactions.” In: J. Mol. Biol. 431.17, pp. 3046–3055. DOI: 10.1016/j.jmb.2019.05.
033

Supplementary material can be found in Appendix A.
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Abstract

Optogenetics enables the spatio-temporally precise control of cell and animal behavior. Many optogenetic
tools are driven by light-controlled protein–protein interactions (PPIs) that are repurposed from natural light-
sensitive domains (LSDs). Applying light-controlled PPIs to new target proteins is challenging because it is
difficult to predict which of the many available LSDs, if any, will yield robust light regulation. As a consequence,
fusion protein libraries need to be prepared and tested, but methods and platforms to facilitate this process are
currently not available. Here, we developed a genetic engineering strategy and vector library for the rapid
generation of light-controlled PPIs. The strategy permits fusing a target protein to multiple LSDs efficiently and
in two orientations. The public and expandable library contains 29 vectors with blue, green or red light-
responsive LSDs, many of which have been previously applied ex vivo and in vivo. We demonstrate the
versatility of the approach and the necessity for sampling LSDs by generating light-activated caspase-9
(casp9) enzymes. Collectively, this work provides a new resource for optical regulation of a broad range of
target proteins in cell and developmental biology.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Optogenetics has revolutionized research in neu-
roscience, cell biology and developmental biology by
allowing the “remote control” of cell and animal
behavior with extraordinary precision [1–5]. This
precision is achieved by utilizing light as a stimulus
that offers unique advantages over pharmacological
and genetic manipulation. For instance, light permits
unparalleled control in time (e.g., to modulate animal
behavior acutely or to target selected developmental
or disease stages; Fig. 1A) and in space (e.g., to
target selected compartments in a cell or selected

cells in a tissue; Fig. 1B). Also, light can be readily
applied and withdrawn given a sufficiently transpar-
ent matrix. Finally, light-activated molecular tools
can be paired with genetic targeting to allow an even
higher level of precision for specific cell types,
tissues or developmental stages [6–10].
Optogenetics first flourished in the hands of

neuroscientists that utilized animal and microbial
opsins to dissect neural circuits through the bidirec-
tional control of neuronal bioelectrical activity [8,11].
More recently and in cell types other than neurons,
light control of gene regulation and cellular signaling,
together with associated cell behaviors, has

0022-2836/© 2019 Elsevier Ltd. All rights reserved. Journal of Molecular Biology (2019) 431, 3046–3055
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emerged [12,13]. The optogenetic tools that can
regulate cell bioelectricity are fundamentally different
from those applied to control biochemical and
enzymatic processes. In the former case, ion-
conducting opsins, such as channelrhodopsin or
halorhodopsin, turn neurons on or off by changing
their membrane potential through an intrinsic light-
gated ion channel or pump activity [7,8,14]. In the
latter case, a wide range of cellular processes have
been rendered light-inducible by using light-sensitive
domains (LSDs) that do not harbor catalytic activity
but regulate intra- or intermolecular binding events
(Fig. 1C).
LSDs are found in organisms from all domains of

life and collectively respond not only to all visible but
also to ultraviolet and far-red wavelengths [15–17].

Of particular importance in the field of optogenetics
are light-oxygen-voltage sensing (LOV) domains
and cryptochromes (CRYs) that bind flavins to
sense blue light (maximal absorption wavelength
(λmax ≈ 450 nm) [18–20] and phytochromes (PHYs)
that utilize linear tetrapyrroles to sense red (λ-
max ≈ 660 nm) and far-red (λmax ≈ 720 nm) light
[21–23]. In addition, green light-sensitive (λ-
max ≈ 550 nm) cobalamin binding domains (CBDs)
that bind vitamin B12 derivatives were applied more
recently [24,25]. The molecular consequences of
photon absorption are either (i) light-induced
unmasking of terminal peptides [26,27] for some
LOV domains; (ii) light-induced homodimerization
[18,19,21], homooligomerization [28] and heterodi-
merization with their respective accessory proteins

Fig. 1. Genetic engineering strategy and vector library for spatio-temporally precise regulation of cell and animal
behavior. (A) The high temporal precision of light can be harnessed to study cellular responses to repetitive and complex
inputs and to target specific developmental stages. (B) The high spatial precision of light can be harnessed to selectively
activate processes in parts of cells or in specific tissues. (C) Optical control of many cellular processes relies on the
regulation of PPIs by incorporating LSDs. (D) Engineering strategy based on a vector library that permits universal target
amplicon insertion in a single cloning step (one digest, one ligation). (E) ABC and alternative cassettes to realize
engineering strategy. Cassettes include Kozak sequence, start codon and stop codon. (F) ABC cassettes containing
alternative linkers. (G) LSDs and their binding partners included in the library.
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[20,22,29,30] for some LOV domains, CRYs and
PHYs; or (iii) light-induced monomerization for some
LOV domains, CBDs and UVR8 [24,31–33]. These
functions have been harnessed in seminal studies to
regulate the interactions and activity of diverse target
proteins, such as small GTPases, kinases and
transcription regulators [6,24,34–42].
The plethora of cellular processes governed by

protein–protein interactions (PPIs) currently far
exceeds the number of available optogenetic tools.
This is in part because generating functional fusion
proteins of LSDs and target proteins is a non-trivial
task. For instance, multiple LSD genes need to be
obtained and validated to find a suited domain, and
the location of the fusion site as well as the length of
linkers can be critical parameters that determine
fusion protein function [43]. As a consequence of
combinatorial complexity, many genetic constructs
need to be generated and tested, and currently, no
methods or libraries are available to facilitate this
process.
Here, we developed a genetic engineering strat-

egy and a vector library for the rapid and modular
generation of light-controlled PPIs. The engineering
strategy can produce LSD–target protein fusions in
several domain orientations and with linkers in a
single cloning step (a universal restriction enzyme
digest followed by ligation) using inexpensive and
readily available materials. The publicly available
vector library contains a collection of prominent
LSDs that are responsive to blue, green or red light
and have been applied in the past ex vivo and in
vivo. The design of the strategy and library allows for
easy expansion either with further LSDs, targeting
sequences or markers. Using this resource, we
generated light-activated casp9 enzymes.

Results and Discussion

Efficient genetic engineering strategy

A major challenge in the optical control of PPIs is
to achieve functional coupling of LSD oligomeriza-
tion state changes to activity of target proteins. For
most target proteins, it is initially unclear if a suited
LSD can be identified and in what orientation LSDs
are best attached because steric compatibility and
effects on protein folding are difficult to predict. In the
majority of previous studies, LSD–target protein
fusions were constructed by inserting several LSD
genes into vectors that contain the target protein
(Sup. Fig. S1A, top). This approach requires select-
ing candidate LSDs, obtaining the corresponding
genes from collaborators or commercial sources,
validating LSD sequences, delineating domain
boundaries and preparing amplicons that adapt
each LSD to the target vector (Sup. Fig. S1A,

bottom). Furthermore, generation of both N- and C-
terminal fusion proteins may require additional
modification of the vector and/or amplicons. We
propose an inverted strategy in which the target
protein is inserted into a series of vectors that
already contain LSDs (Fig. 1D; see below for a
comprehensive LSD vector library). The advantages
of this strategy are that only a single amplicon of a
familiar and available target gene is required and
that multiple LSD–target protein fusions can be
generated in a simple standardized reaction that is
easily parallelized. As a consequence, multiple time-
consuming steps that require analysis of sequences
and reagents specific to each LSD are not required
and the workflow is greatly simplified (Sup. Fig.
S1B).
To achieve this strategy, we designed a modular

cloning cassette termed ABC that harbors three
insertion sites (A, B and C; Fig. 1E). Importantly,
sites A and C contain recognition sequences for
restriction enzymes that produce compatible cohe-
sive overhangs (in both cases, a CCGG overhang
after AgeI or XmaI digestion at site A and C,
respectively; Fig. 1E). Consequently, a target protein
amplicon flanked by either of these restriction sites in
any combination can be inserted into site A as well
asC and thus N- and C-terminally of a LSD (start and
stop codons are already contained in the cassette).
Site B contains recognition sequences for restriction
enzymes of different families (EcoRI and BamHI) for
incorporation of additional domains (e.g., fluorescent
proteins) or epitopes. In order to provide additional
flexibility, we engineered ABC vectors to include four
different flexible or stiff linkers (Fig. 1F). We also
prepared compatible ACB and BAC cassettes that
permit insertion of flanking targeting sequences or
fluorescent proteins in terminal B sites. Utilization of
single and compatible restriction sites in site A and
site C maximizes the likelihood that target proteins
can be inserted without interference from internal
restriction sites and minimizes required reagents.
Furthermore, restriction enzymes are inexpensive
and their application in the cassette retains ad-
vanced genetic engineering methods, such as those
based on DNA recombination, for transfer of
cassettes into other vectors. The promoter region
in these vectors can be readily exchanged and
promoters, and other regulatory sequences are
generally part of species-specific or viral vectors.
Overall, this genetic engineering strategy permits
rapid generation of modular LSD–target protein
fusions using readily available reagents.

LSD vector library

Employing above genetic engineering strategy, we
generated 29 vectors that contain one of 11 LSDs or
one of five LSD binding partners inserted into site A
and C (Fig. 1G). These domains are the photolyase
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homology region (PHR) domain of plant crypto-
chrome2 (AtCRY2-PHR of Arabidopsis thaliana
[20,28]), LOV domains of plant, algal and fungal
photoreceptors (two modified AsPT1-LOV2 domains
of Avena sativa, CrPH-LOV1 of Chlamydomonas
reinhardtii (the first LOV domain of the Chlamydo-
monas phototropin), NcVVD-LOV of Neurospora
crassa, RsLP-LOV of Rhodobacter sphaeroides
and V fAU1 - LOV o f Vau c he r i a f r i g i d a
[18,19,26,29,30,32,44]), bacterial CBDs (MxCarH-
CBD of Myxococcus xanthus and TtCarH-CBD of
Thermus thermophilus [24]), and sensory modules
of PHYs from cyanobacteria and plants (ScPH1-S of
Synechocystis PCC6803 and AtPHYB-S of A.
thaliana [21,22,45]). The library also includes bind-
ing partners for the heterodimerizing LOV domains,
CRY and PHY, which are the minimal proteins
EcSspB of E.coli with different affinities, HsPDZ1b of
Homo sapiens, AtCIB and AtPIF6 of A. thaliana
[20,22,26,29,45] (Fig. 1G) (sequence information
and protein database identifiers can be found in
Table S1). Collectively, these vectors provide
coverage of methods to induce homodimerization,
homooligomerization, heterodimerization with bind-
ing partners, or monomerization in response to
different wavelengths of light. Many of these
domains have been previously utilized ex vivo and
in vivo but the library also contains less frequently
applied domains (e.g., the blue light-sensitive
homodimerizing CrPH-LOV1 [44,46] or the mono-
merizing RsLP-LOV [32,33]). Vectors are available
with all proteins inserted into the site A and
separately the site C (i.e., N-terminal and C-
terminal of the target protein insertion site), except
in cases where attachment at one of the two termini
is incompatible with robust protein function (AtPHYB
functions most robustly when target proteins are
attached to the C-terminus of this LSD, and AsPT1-
LOV2 in the dimerizers when target proteins are
fused of the N-terminus of this LSD). In the future,
the library is expected to grow as its modular design
allows direct expansion with additional LSDs [23,47].

Light-activated caspase-9

We employed the engineering strategy and vector
library to develop a light-induced variant of caspase-
9 (casp9), an initiator caspase in apoptosis induc-
tion. The function of casp9 is mediated by homo-
meric assembly through the N-terminal caspase
recruitment domain (CARD) [48], and casp9 has
been rendered inducible by substitution of CARD
with orthogonal homodimerization domains [49,50].
This work demonstrated that dimerization by an N-
terminal domain is sufficient for casp9 activation and
resulted in a chemically-induced casp9 (iCasp9) that
is employed as a cellular safety and suicide switch
[51]. To generate casp9 activated by light (Opto-
casp9), we inserted a casp9 amplicon N-terminally

and C-terminally of three LOV domains and
AtCRY2-PHR that undergo blue light-induced homo-
dimerization or oligomerization (Fig. 2A). We fo-
cused on these LSDs because in general blue LSDs
are commonly applied in optogenetics and because
their flavin co-factors are ubiquitously available in
cells of virtually all organisms. As a control, we
employed casp9 fused to an engineered chemical
dimerization domain derived from human FK506
binding protein (HsFKBP) analogous to iCasp9. We
first tested if these proteins exhibit constitutive
activity (i.e., dark activity) by metabolically assessing
the viability of human embryonic kidney 293
(HEK293) cells using the fluorescent dye resazurin
(Fig. 2B, C). As constitutive activity was not
observed, we next tested if these proteins can be
used to induce cell death. To analyze cell death
while controlling for transfection efficiency, we co-
transfected cells with Opto-casp9 and a genetic
reporter (Renilla luciferase under the control of a
constitutive promoter). We chose a luciferase over a
fluorescent protein as the reporter gene because of
the high signal-to-noise ratio in luminescence
detection and to avoid undesired excitation of the
reporter by stimulation light. Twenty-four hours after
transfection, cells were stimulated for 7 h with blue
light (continuous illumination, λ ≈ 470 nm, intensity
(I) = 200 μW/cm2) in a tissue culture incubator
equipped with light-emitting diodes, and lumines-
cence signals were measured subsequently. We
found strongly reduced luminescence signals for
cells that were transfected with casp9 fused to
VfAU1-LOV or AtCRY2-PHR domains but not the
other domains (Fig. 2D, E). Interestingly, N-terminal
but not C-terminal fusion of casp9 to CrPH-LOV1
resulted in increased luminescence signals, which
may be explained by a dominant negative action of
this LSD on basal levels of apoptosis or an
alternative photoreaction mechanism. To confirm
the specificity of the observed effect using VfAU1-
LOV-casp9 as an example, we demonstrated that
with increasing light-dose luminescence signals
decrease (the half maximal effective light dose was
2.5 μW/cm2; Sup. Fig. S2). We further verified that
light stimulation resulted in apoptosis using flow
cytometry analysis with propidium iodide (PI) and
Annexin markers (Sup. Fig. S3A). For VfAU1-LOV-
casp9 and AtCRY2-PHR-casp9 but not for mock
transfected cells, we observed robust optical induc-
tion of apoptosis (Sup. Fig. S3B, C). This result
demonstrates that by linking a casp9 amplicon to
multiple LSDs and even without modification of the
internal seven-residue linker functional Opto-casp9
enzymes could be quickly designed.

Specificity in light-induced PPIs

The modular genetic engineering strategy pro-
vides the possibil ity to perform additional
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experiments, such as negative controls and immu-
nodetection, that complement the efficient fusion
protein generation demonstrated above. In optoge-
netics, negative controls typically consist of the
application of light to naïve cells or to cells that
were transfected with inactivated optogenetic tools
(e.g., through loss-of-function mutations). The latter
control is required to obtain baseline signals and to
ensure that overexpression of LSDs or target
proteins does not alter cellular sensitivity. The most
commonly applied loss-of-function mutations for
inactivation either target photochemically active

LSD residues or residues involved in light-induced
conformational changes. However, targeting LSD
photochemistry can be incomplete with persistent
LSD activation through alternative reaction mecha-
nisms or generation of chemical photoreaction side
products [52,53]. In addition, because of the diversity
in the structures and activation mechanisms of
LSDs, generalizable loss-of-function mutations do
not exist, and thus, negative controls cannot be
studied under identical conditions. To address these
limitations, we developed a universal inactivation
strategy for light-controlled PPIs, which is based on

Fig. 2. Development of Opto-casp9 enzymes. (A) Procedure to engineer eight Opto-casp9 candidate enzymes starting
from one casp9 catalytic domain amplicon and the vector library. (B and C) Viability of cultured human cells transfected
with N- (B) and C-terminal (C) fusions of LSDs to casp9 assessed with resazurin. Twenty percent DMSO was employed as
a positive control to induce cell death. (D and E) Light-induced reduction in transcriptional activity for cells transfected with
N- (D) and C-terminal (E) fusions of LSDs to casp9 assessed using a luciferase reporter (7-h continuous blue light,
λ ≈ 470 nm, I ≈ 200 μW/cm2). For B–E: n = 12–20 (see Materials and Methods for details), four independent
experiments, data shown are mean ± SEM. ** p b 0.001 or *** p b 0.0001. Two-tailed t-test.

3050 Optogenetic protein interactions

2.2. Research Paper: Engineering strategy for Opto-PPIs

31



testing constructs in which the LSD and target
protein have been uncoupled (e.g., uncoupling of
VfAU1-LOV and casp9 should result in lost light
activation). We realized this strategy by taking
advantage of the availability of site B in all generated
vectors and the opportunity of designing linkers with
additional functionality. Into this site, we inserted a
self-cleaving peptide sequence of porcine
teschovirus-1 2A (P2A) that will effectively dissociate
the two domains resulting in a loss of light sensitivity
(Fig. 3A). As expected for a P2A-modified Opto-
casp9, we observed that self-cleavage completely
abolished light-induced changes in the lumines-
cence signals, effectively producing the same
outcome as removal of the catalytic activity of
casp9 (Fig. 3B, Sup. Fig. S4). Immunoblotting
against epitope tags that flanked the P2A sequence
verified cleavage as we only detected the single LSD
and casp9 domains but not the full protein (Fig. 3C).
These results demonstrate a new control strategy
that preserves target protein and LSD expression
and LSD photochemistry taking advantage of linker
and epitope incorporation into site B.

Conclusions

Optogenetics is one of few techniques that permit
the regulation of cell behaviors with high precision in
space and time. We developed a resource for the
generation of light-induced PPIs and demonstrated
its applicability by engineering Opto-casp9 en-
zymes. This resource will contribute to the broader
use of optogenetics in cell and developmental
biology and pave the way to novel optogenetics
studies. For instance, experiments on the scale of
entire families of LSDs or of target proteins require
efficient and modular genetic engineering ap-
proaches that are now within reach. These experi-
ments could also test if a forced PPI is sufficient for
(in)activation of a protein, conceptually similar to a
recent study in which light induced the signaling of
orphan receptors [54]. Opto-casp9 enzymes may
provide a test bed for optogenetic hardware devel-
opment and testing, a process that entails optimiza-
tion of light parameters (e.g., wavelength, intensity,
duration) and culture conditions, because cell death
can be assessed with different assays. Finally, the

Fig. 3. Control experiments with self-cleaving epitope-linker. (A) Incorporation of a P2A sequence results in self-
cleavage and separation of LSD and target protein. (B) Light-induced cell death for cells transfected with vectors
containing the self-cleaving linker (7-h continuous blue light, λ ≈ 470 nm, I ≈ 200 μW/cm2). (C) Immunoblotting to
validate efficient cleavage. For B: n = 12, four independent experiments, data shown are mean ± SEM. *** p b 0.0001.
Two-tailed t-test.
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engineering strategy and empty cassettes may also
be of use in areas other than optogenetics, such as
for the rapid and modular design of fluorescent
sensors and protein probes.

Materials and Methods

Cassette design

Cassettes were introduced in pcDNA3.1- (Invi-
trogen/Life Technologies) to generate the vectors
named pOVC1–3 (optogenetic vector core 1–3,
Sup. Fig. S5). A XmaI restriction site was removed
from the backbone using site-directed mutagene-
sis (oligonucleotides 1 and 2, Table S2). Inverse
polymerase chain reactions (PCR) (oligonucleo-
tides 3 and 4, 5 and 6, and 7 and 8) were applied to
remove the vector multiple cloning site and create
ABC (pOVC1), ACB (pOVC2) and BAC (pOVC3)
cassettes. In the inverse PCR procedure, PCR
products were digested with DpnI, digested with
EcoRI, XmaI or AgeI (NEB), respectively, ligated
for 3 h at room temperature (RT) or overnight at
4 °C using T4 ligase (Promega), and propagated
in Escherichia coli XL10 Gold cells (Agilent). All
cassettes contain Kozak sequences, start codons
and stop codons [for backbone ABC, the stop
codon was introduced using site-directed muta-
genesis in a separate reaction (oligonucleotides 9
and 10)]. For linker insertion, backbone pOVC1
was digested using EcoRI and BamHI. Linker
fragments were generated by inverse PCR (oligo-
nucleotides 57 and 58) or by annealing and
phosphorylating single stranded oligonucleotides
(59 to 64). All vector sequences (Table S3) were
verified by Sanger sequencing (Micromon, Mon-
ash University) and deposited at Addgene.org.

LSD amplification and vector library

LSDs were amplified using PCR and oligonucle-
otides with AgeI and/or XmaI restriction site over-
hangs (oligonucleotides 11 to 34 and 45 to 52).
Templates were previously described vectors from
our laboratory or obtained from Addgene.org (Table
S1). In addition, gene fragments of AtCRY2-PHR,
ScPH-1, AsLOV2-EcSsra, EcSSPB micro, AsLOV2-
pep and HsPDZ1b were synthesized by a commer-
cial supplier (Integrated DNA Technologies; Table
S4). Restriction sites for AgeI and BamHI were
removed from ScPH1-S and AtPHYB-S, respective-
ly, as well as XmaI restriction sites from HsFKBP and
AtCRY2-PHR using site-directed mutagenesis (oli-
gonucleotides 35 to 42). Site-directed mutagenesis
was used to create EcSSPB nano (oligonucleotides
65 and 66). PCR products were digested with DpnI

and with AgeI, XmaI or AgeI and XmaI depending on
oligonucleotide overhangs. Backbone pOVC1 was
digested with AgeI or XmaI for insertion into site A or
C, respectively, and phosphatase treated. Backbone
and inserts were ligated either for 3 h at RT or
overnight at 4 °C using T4 ligase (Promega). All
vector sequences (Table S5) were verified by
Sanger sequencing (LGC Genomics) and deposited
at Addgene.org. Note that for future subcloning of
the generated genes, universal oligonucleotides can
be designed that contain recognition sites for the
enzymes AflII, ApaI, AscI, FseI, PacI, PspOMI or
SbfI as these are not found in any of the genes.

Opto-casp9 constructs

The catalytic domain of casp9 (residues 135–416
of UniProt entry P55211) was synthesized (Integrat-
ed DNA Technologies; Table S4), amplified by PCR
(oligonucleotides 43 and 44) and digested with
XmaI. Vectors were digested with XmaI or AgeI,
respectively, treated with phosphatase and gel
purified. Backbone vectors and casp9 insert were
ligated either for 3 h at RT or overnight at 4 °C using
T4 ligase. Site-directed mutagenesis was used to
introduce point substitution C287A into the catalytic
domain of casp9 in VfAU1-LOV-casp9 and HsFKBP-
casp9 (oligonucleotides 55 and 56). HA-P2A-myc
was synthesized as a gene fragment (Integrated
DNA Technologies, Table S4), amplified using PCR
and restriction site overhangs (oligonucleotides 53
and 54), and inserted into site B of VfAU1-LOV-
casp9 using EcoRI and BamHI. All vector se-
quences (Table S6) were verified by Sanger
sequencing (Micromon, Monash University) and
deposited at Addgene.org.

Cell culture and transfection

HEK293 cells (Thermo Fisher Scientific; further
authenticated by assessing cell morphology and
growth rate) were cultured in mycoplasma-free
Dulbecco's modified eagle medium (Thermo Fisher
Scientific) in a humidified incubator with 5% CO2
atmosphere at 37 °C. Medium was supplemented
with 10% FBS, 100 U/ml penicillin and 0.1 mg/ml
streptomycin (Thermo Fisher Scientific). On the day
after seeding, cells were transfected in Dulbecco's
modified eagle medium supplemented with 5% FBS
using polyethylenimine (Polysciences). Media was
changed after 4 to 6 h, and cells were stimulated
with light starting 24 h after transfection for the
durations specified below and at the intensities
specified in the main text.

Light stimulation of cells

For light stimulation of cells, a tissue culture
incubator was equipped with 150 light-emitting
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diodes (SMD5050-RGB on a LED strip at 3.3-cm
spacing). Light intensity was adjusted with a dimmer
and measured with a digital power meter (LP1,
Sanwa). To obtain light dose curve (Sup. Fig. S2),
one to four layers of neutral density filters (Filter 210,
LEE Filters) were used to reduce intensity of
selected wells.

Metabolic and transcriptional assays

HEK293 cells (2.5 × 104) were seeded in each
well of white bottom 96-well plates (Costar) and
maintained as described above. Cells were trans-
fected with 200 ng vector (casp9, renilla luciferase
reporter and empty vector at a ratio of 10:1:9) as
described above. Twenty-four hours after transfec-
tion, cells were either stimulated with blue light
(λ ≈ 470 nm), 10 nM of the chemical dimerizer
AP20187 (ClonTech Laboratories) or left unstimu-
lated. Light and AP20187 were applied for 7 h
continuously. Unstimulated cells were kept in the
dark for 6 h before addition of resazurin (Sigma) at a
final concentration of 55 μM. After incubation for
1 h, resazurin fluorescence wasmeasured in a plate
reader (excitation 540 ± 15 nm, emission 590 ±
20 nm, ClarioSTAR, BMGLabtech). Viability was
defined as relative fluorescence units compared to a
mock-transfected control. Immediately after resa-
zurin assays, stimulated and unstimulated cells
were washed once with phosphate-buffered saline
(PBS), lysed and processed with homemade lucif-
erase reporter reagents [24]. Luminescence was
measured in the plate reader and transcriptional
activity was defined as mean raw luminescence
values.

Flow cytometry

HEK293 cells (5 × 105) in each well of clear 6-well
plates (Costar) were transfected with 2 μg vector
(casp9 and empty vector at a ratio of 1:1) as
described above. Twenty-four hours after transfec-
tion, cells were either stimulated with light (continu-
ous blue light, λ ≈ 470 nm, I ≈ 200 μW/cm2) or
protected from light for 7 h at 37 °C. After incubation,
cells were collected, washed once with ice-cold PBS
(Thermo Fisher Scientific) supplemented with 2%
FBS and stained with FITC-AnnexinV/PI Apoptosis
Detection Kit according to manufacturer's instruc-
tions (BioLegend). Samples were then run on a
LSRFortessa X-20 flow cytometer (BD Biosciences),
and data were analyzed with FlowJo software
(FlowJo).

Immunoblotting

HEK293 cells (5 × 105) in each well of clear 6-well
plates (Costar) were transfected with 2 μg vector as
described above. Twenty-four hours after transfec-

tion, cells were washed once with ice-cold PBS and
lysed on ice in 180 μl lysis buffer [150 mM NaCl, 1%
TritonX-100, 0.1% SDS, 0.5% sodium deoxycholate,
50 mM Tris, complete protease inhibitor (Roche)].
Lysates were shaken for 30 min at 4 °C and
centrifuged for 20 min at 12,000g. Lysate (30 μl)
per lane was separated by SDS-PAGE and electro-
blotted onto PVDF membranes. Blots were incubat-
ed with primary antibodies (HA-Tag no. 2367,
dilution 1:1000; myc-Tag no. 2276, dilution 1:1000;
Cell Signaling Technology; Vincullin ab129002,
dilution 1:10000; Abcam) in blocking solution (5%
BSA in TBS-T) overnight at 4 °C. Secondary
antibody (goat anti-rabbit IgG(H + L)-HRP conju-
gate, goat anti-mouse IgG(H + L)-HRP, dilution
1:10000, Biorad) was applied for 1 h at RT, and
blots were developed with Carity™ Western ECL
Substrate (Biorad).

Statistical analysis

Results were evaluated using Prism (Graph-
Pad). Differences between stimulated and unsti-
mulated samples were analyzed using two-tailed t-
tests, and p values are given in the figure captions.
Sample numbers (n) and the number of indepen-
dent experiments (biological replicates) for each
bar are specified in the figure captions, except for
Fig. 2B–E. In Fig. 2B, sample numbers are 14,
except for mock (26), HsFKBP (15) and DMSO
(13). In Fig. 2C, sample numbers are 16, except for
mock (25), HsFKBP (19) and DMSO (12). In Fig.
2D, sample numbers are 14, except for HsFKBP
(26 and 12, dark and light). In Fig. 2E, sample
numbers are 16, except for mock (28) and
HsFKBP (28 and 12, dark and light) and DMSO
(12).
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Chapter 3

Engineering of light-activated
GPCRs

3.1 Chapter Summary

The process of controlling protein function with light has also been extended to
GPCRs, for example through opsin-based chimeric GPCRs (OptoXRs). OptoXRs
employ a design approach different to that used for most other optogenetic
tools, and their engineering is more complex as it requires cutting and fusing
two receptors along multiple fusion sites. Deciding on the placement of these
fusion sites is not a trivial task and significantly impacts the functionality of
the resulting receptor. OptoXRs to date have been engineered following the
same design principles from the first conceived OptoXR. While our knowledge
of GPCRs has increased dramatically since then, especially with the rise of GPCR
structural biology, this has not been applied to the improvement of OptoXRs.
The work presented in this chapter reworks the design principles for OptoXRs
by investigating two avenues how structural GPCR information can improve
OptoXR functionality. In one avenue, we investigate whether using structural
alignments between acceptor and donor receptor would increase the likelihood of
exchanging corresponding domains between the receptors. In the other avenue,
we determined elements that would be functionally relevant to confer donor
signalling in the OptoXR by analyzing G-protein bound structures of GPCRs.
This allowed us to redefine the placement of the cut sites between acceptor and
donor receptor GPCR. Testing this new design by engineering a new β2AR based
OptoXR, Opto-β2AR 2.0, we were able to significantly improve the function of
this receptor compared to previously designed versions. We further show how
this improved design approach can function as a starting framework for other
receptors or for testing further modifications of OptoXRs.
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3.2 Structure-guided design of light-activated chimeric

G-protein coupled receptors

At the time when this thesis was submitted, the following chapter has been
submitted for publication. Numbering of figures, tables and reference was re-
formatted to match the style of this thesis.

Supplementary material can be found in Appendix B

3.2.1 Author information

Alexandra-Madelaine Tichy1,2, Elliot J. Gerrard1, 2, 3, and Harald Janovjak1, 2

1Australian Regenerative Medicine Institute (ARMI), Faculty of Medicine, Nursing
and Health Sciences, Monash University, Clayton/Melbourne, VIC 3800, Australia

2European Molecular Biology Laboratory Australia (EMBL Australia), Monash
University, Clayton/Melbourne, VIC 3800, Australia

3Commonwealth Scientific and Industrial Research Organisation, Synthetic Biology
Future Science Platform, Monash University, Clayton/Melbourne, VIC 3800,
Australia

3.2.2 Abstract

G-protein coupled receptors (GPCRs) are the largest human receptor family and
involved in virtually every physiological process. One hallmark of GPCR function
is the specific coupling to selected signaling pathways. The ability to tune this
specificity would permit the development of receptors with new functionalities.
Molecular complexes of GPCRs and downstream signaling proteins have been
recently resolved at high resolution, but this information has not yet been harnessed
for rational reengineering of coupling specificity. Here, we demonstrate a structure-
guided switch in G-protein preference in chimeric light-activated GPCRs (OptoXRs).
We first evaluated structure-based alignments as complements to existing sequence-
based methods. We then show in a prototypical receptor that intracellular loops
are not sufficient for efficient downstream signal transduction. In apparent
contrast, successive inclusion of α-helical G-protein contacts resulted in receptors
with 7- to 20-fold improved function compared to those generated with other
design strategies. Finally, this efficient receptor system served as a platform for
the development of further light-activated receptors and spectral tuning of the
photoreceptor domain. As coupling specificity shapes the consequences of GPCR
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activation in health and disease, this work provides rationally-designed actuators
as targeted inputs into cells and networks.

3.2.3 Introduction

G-protein coupled receptors (GPCRs) comprise the largest family of membrane
receptors in the human genome. They are expressed broadly and regulate key
biological processes, ranging from organism development to metabolism and
brain function (Kooistra et al., 2021; Insel et al., 2019). In line with their abundance
and physiological importance, GPCRs are also exceptional therapeutic targets with
∼ 30% of all prescription drugs acting on members of this receptor superfamily
(Hauser et al., 2017; Sriram et al., 2018). Canonical signalling downstream of
GPCRs is mediated through coupling to heterotrimeric G-proteins, which are often
classified into four main groups according to their Gα subunits (the Gαs, Gαi/o,
Gαq, and Gα12/13 groups). Gα subunits principally act on adenylyl cyclase to
increase (Gαs) or decrease (Gαi/o) cAMP levels, on phospholipase C to alter Ca2+

signaling (Gαq) or on Rho GTPases (Gα12/13) to modulate motor proteins or the
cytoskeleton (Fig. 3.1a). In addition, Gβ and Gγ subunits activate ion channels and
a wide range of enzymes upon dissociation of the trimeric complex. In humans,
at least 16 Gα subunits, 6 Gβ subunits and 13 Gγ subunits have been identified,
which can assemble in a multitude of combinations leading to functionally distinct
outcomes (Oldham et al., 2008; Flock et al., 2017; Atwood et al., 2011). GPCRs
can also signal via β-arrestin scaffolding proteins and ultimately diverse signaling
pathways (Fig. 3.1a). The expression of multiple GPCRs and G-proteins in most
cell types results in combinatorial diversity and dictates that specific GPCR-
G-protein coupling interactions guide signaling outcomes (Flock et al., 2017;
Marti-Solano et al., 2020). Consequences of GPCR activation are most commonly
studied using pharmacological methods (e.g., agonists, antagonists or allosteric
modulators) or genetic methods (e.g., receptor overexpression or knock-out in cells
and animals). As a complement, approaches have been developed to (in)activate
GPCRs on shorter time scales and finer spatial scales than those dictated by drug
diffusion and pharmacokinetics or those associated with genetic alterations (Tichy
et al., 2019b; Kleinlogel, 2016). One such approach are light-activated GPCRs,
which are either repurposed from naturally light-sensing mammalian tissues (Li
et al., 2005; Masseck et al., 2014; Karunarathne et al., 2013) or from invertebrates
and fish (Zemelman et al., 2002; Bailes et al., 2012; Mahn et al., 2021; Copits et
al., 2021), or are engineered as chimeric GPCRs (termed OptoXRs; (Kim et al.,
2005; Airan et al., 2009)). These receptors permit activation of signaling pathways
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by light with unprecedented spatio-temporal acuity down to milliseconds and
micrometers in the emerging field of optogenetics (Spangler et al., 2017; Wiegert
et al., 2017). The purpose-built OptoXRs take advantage of conserved structure-
function relationships across GPCRs by substituting the downstream coupling
domains of a light-gated GPCR, such as the mammalian dim light sensor rhodopsin
(rho), with those of a naturally ligand-gated target GPCR (Fig. 3.1b) (Kim et al.,
2005; Airan et al., 2009). The desired engineering outcome is that the chimeric
GPCR can be activated by light but retains the signalling properties of the target
receptor. OptoXRs have been expressed in neuronal and non-neuronal cell types
ex vivo and in vivo using viral delivery or transgenic animals and activated
with a variety of light sources (Iwai et al., 2021; Wyk et al., 2015; Xu et al.,
2014). Light control was often achieved in vivo without supplementation of
the cis-isoform retinal cofactor (Airan et al., 2009; Siuda et al., 2015b; Siuda
et al., 2015a), but supplementation protocols have also been developed (Iwai
et al., 2021). Whilst the OptoXR methodology has been applied to a number
of target GPCRs (see Supplementary Table B.1 for a - to our best knowledge
comprehensive - list of previous OptoXRs), the design principle underlying
most published receptors was derived from a pioneering study that employed
a trial-and-error strategy (i.e., various receptor domains were swapped and the
emerging receptors tested for function) (Kim et al., 2005). This original and
other studies have put forward the notion that intracellular loops are main
determinants of Gα-coupling specificity in OptoXRs (Kim et al., 2005; Hickey
et al., 2021), but this model has never been tested experimentally (Tichy et al.,
2019b). The increasing application of chimeric (and other light-activated) GPCRs
not only as basic research tools but even potential future treatment strategies
(Cehajic-Kapetanovic et al., 2015; Wyk et al., 2015; Berry et al., 2019) calls for
a systematic and rational design of OptoXRs towards efficient and predictable
function. In the past decade, high resolution structural information available for
GPCRs has increased dramatically to encompass, at present, more than 500 atomic
resolution structures for more than 50 unique receptors (Kooistra et al., 2021;
Congreve et al., 2020). Detailed analyses of these structures have provided insights
into GPCR structure-function relationships, such as the universal heptahelical
transmembrane domain, the translation and rotation of specific transmembrane
(TM) helices upon receptor activation or the switch-like behavior of conserved
residue contacts (Weis et al., 2018; Venkatakrishnan et al., 2016; Zhou et al., 2019;
Wootten et al., 2018; Gurevich et al., 2017). Following from early successes using
X-ray crystallography (Rasmussen et al., 2011), it was the advent of cryo-electron
microscopy (cryo-EM) that revealed a number of active state G-protein bound
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structures for members of most GPCR classes (Liang et al., 2018; García-Nafría
et al., 2018; Munk et al., 2019). Albeit structures of GPCR-G-protein complexes
allow identifying key interactions between GPCRs and downstream transducers
(Glukhova et al., 2018; Rasmussen et al., 2011; Flock et al., 2017), this knowledge
has not yet been harnessed for the development of receptors with rationally-
designed signaling functions (Tichy et al., 2019b; Keri et al., 2018). For instance,
in seminal work that predated structures of GPCR-Gα complexes, downstream
coupling in wildtype (WT) and chimeric GPCRs was altered through strategically-
placed residue substitutions derived from biochemical studies (Siuda et al., 2015b;
Guettier et al., 2009; Nakajima et al., 2012). In more recent studies, orthogonal Gα

subunits (Young et al., 2018) or GPCRs with promiscuous downstream coupling
(Sandhu et al., 2019) were designed using structure modelling, molecular dynamic
simulations and in silico/experimental mutagenesis. It thus remains to be explored
to what extent GPCR-G-protein coupling can be reengineered using structure-
guided strategies. These strategies will complement the design of GPCR ligand-
binding pockets (Von Moo et al., 2021; Vardy et al., 2015) and activate state switches
(Chen et al., 2020; Schönegge et al., 2017), which have utilized protein structures,
and collectively result in a wider range of accessible receptors functions. Here, we
redesigned G-protein coupling specificity by harnessing high resolution GPCR-
G-protein structures. We performed this in OptoXRs as an efficient switch in
coupling, e.g., from the native Gαi/o preference of rho to a different Gα group,
is required for the faithful function of chimeric receptors. We first explored to
what extent structure superimpositions are a useful complement to sequence
alignments for determination of functional domain boundaries. We then tested the
model that intracellular loops, as delineated in receptor structures, are sufficient
to confer Gαs-specificity. Focussing on GPCRs in complex with their restive G-
proteins, we showed that inclusion of helical G-protein binding contacts of the
target GPCR greatly improved functionality of a light-activated β2AR receptor.
Finally, we demonstrated the applicability of this approach to enable tuning of
spectral receptor properties and development of a further receptor from a different
family. Collectively, this work demonstrates analysis and improvement of chimeric
OptoXRs through structure-guided reengineering of GPCR-G-protein coupling.
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FIGURE 3.1: Functional principle of OptoXRs and alignment methodologies. (a) GPCRs
sense a variety of external stimuli using their extracellular and transmembrane domains.
Downstream signalling is mediated by a domain that faces the intracellular environment.
(b) In chimeric OptoXRs, the signaling domain of a target GPCR is fused to the sensory
domain of a light-activated GPCR. (c) Comparison of sequence- and structure-based
alignments. Top row: The percentage of identical residue pairs in a comparison of pairwise
sequence alignments (MUSCLE) and pairwise structure alignments (FATCAT2.0) of Rho
and β2AR, A2AR, β1AR and M1R (see Supplementary Fig. B.2 for a definition of residue
pairs). Bottom row: The number of identical domain boundaries in the same comparisons
(see Supplementary Fig. B.3 for a definition of OptoXR domain boundaries).
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3.2.4 Results

Comparison of sequence- and structure-based alignments

The creation of protein chimeras hinges on the exchange of functionally-equivalent
domains between two related proteins. This is generally achieved by first aligning
the proteins of interest, either as sequences or structures, followed by identification
of domain boundaries. Engineering of previous OptoXRs exclusively relied on
sequence-based alignments, e.g. in the prominent chimeras of rho and adrenergic,
dopamine, adenosine or muscarinic acetylcholine target receptors (Supplementary
Table B.1) (Airan et al., 2009; Gunaydin et al., 2014; Morri et al., 2018). As a step
towards structure-guided OptoXR design, we first tested whether alignments of
structures would yield chimeric receptors that are different from those generated
using sequences. This may indeed be the case due to the additional topological
information gained and because sequence similarity between GPCRs from different
families can be low (e.g., rho and the receptors β2AR, A2AR, β1AR and M1R
exhibit 20, 21, 22 and 23% sequence identity overall, or 21, 22, 23 and 21% when
excluding extra- or intracellular termini, respectively). Several methods are
available for protein structure superposition. For a set of receptors that were
previously incorporated in OptoXRs and for which active state structures are
available, we first tested cealign, super and FATCAT2.0 (Li et al., 2005; Shindyalov
et al., 1998) with the objective of identifying the most robust alignment methods
(these methods differ, e.g., in algorithm and interpretation of residues for which
coordinates are not available). For cealign and super, we performed alignments
using the complete receptor structures as well as only helical secondary structure
elements (alignments denoted with -h). To enable comparison to FATCAT2.0, only
present residue structures were selected because of FATCAT2.0’s strict requirement
for resolved coordinates. To evaluate alignment quality, we examined if three
functionally-important and highly-conserved sequence motifs (the E/DRY, NPxxY
and CWxP motifs; (Zhou et al., 2019; Venkatakrishnan et al., 2016) are faithfully
assigned between the receptors. We found that only FATCAT2.0 aligned all three
motifs correctly (Supplementary Fig. B.1). With this method in hand, we next
compared sequence-based (as performed in previous studies; (Airan et al., 2009;
Morri et al., 2018)) and structure-based alignments (Fig. 3.1c). A quantitative
comparison was achieved using our own computer code that reports the number of
identical residue pairs in two alignments (Supplementary Fig. B.2). We found that
sequence and structure alignments differed in ∼ 20 to 40% of the aligned residue
pairs (Fig. 3.1c, top). To determine if these differences will impact the design of
chimeric GPCRs, we asked whether alignments were identical at the previously
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utilized domain boundaries (Kim et al., 2005) (Fig. 3.1c, bottom, Supplementary
Fig. B.3a). Strikingly, we observed only minimal differences that were limited to
one receptor pair (rho:β1AR), two boundaries for that pair and a single residue
for these two boundaries (Fig. 3.1c, bottom, Supplementary Fig. B.3b). This
result suggests that sequence- and structure-based alignments will result in similar
OptoXRs for these prototypical receptors. This will not necessarily apply to all
GPCRs as, e.g., long intracellular loops (ICLs) can confound sequence alignments.
The observed alignment robustness nevertheless encouraged us to proceed and
examine how functional domain boundaries can be identified in a structure-guided
approach.

Domain boundaries and rationally-designed receptor variants

We went on to determine domain boundaries delineating functional elements of
GPCRs towards a structure-guided OptoXR design. We chose rho and β2AR as
the initial receptors as both are well characterized, including structurally, and
as both have been incorporated in OptoXRs previously (Supplementary Table
B.1). To identify domains involved in downstream signaling, we closely examined
structures of these GPCRs in complex with their cognate G-proteins (Gαt for
rhodopsin and Gαs for β2AR) (Rasmussen et al., 2011; Kang et al., 2018; Gao
et al., 2019). Using a distance cutoff of 4 Å, chosen analogously to the first
study describing a GPCR-Gα complex (Rasmussen et al., 2011), and for rho and
β2AR individually, we determined the receptor residues that are in proximity
to the G-protein (Fig. 3.2a, Supplementary Fig. B.4a, Supplementary Fig. B.5).
We found that these contacts extend upwards from the cytosolic interface on
transmembrane helices TM3, TM5 and TM6 by as much as four helical turns (Fig.
3.2b, Supplementary Fig. B.4b). Importantly, this upward climb was not to the
same level for the two receptors with contacts in general located closer to the
cytosolic helix ends in rho compared to β2AR (Fig. 3.2b, Supplementary Fig. B.4b).
On the Gα subunit, as previously reported, main contacts included residues on the
α5 helix and a hydrophobic pocket formed by the domain hinge region (Glukhova
et al., 2018; Ahn et al., 2021)

The realizations that (i) GPCR-G-protein contacts are found on membrane helices
several turns away from the cytosolic interface and (ii) this climb is receptor-
specific had several implications. First, this prompted us to experimentally test the
previously formulated and employed rationale that contacts in intracellular loops
are sufficient for defining GPCR coupling specificity (see above). We engineered a
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FIGURE 3.2: Identification of functionally-relevant domain boundaries. (a) G-protein
contacts on β2AR defined as described in the main text (PDB ID: 3SN6). (b) G-protein
contacts (light green) extend upwards on TM helices. (c) Two strategies for the placement
of domain boundaries in a β2AR OptoXR either include all β2AR residues (“All-In”) or
exclude all rho residues (“All-Out”). (d) Rho and OptoXR-All-In and -All-Out membrane
localisation determined using IF against N-terminal rho epitope (α-4D2). (e) Rho and
OptoXR expression determined using FC using the same antibody. (f) Time course of
cAMP production following light stimulation of OptoXRs. Inset: Magnified trace of
“All-Out” variant. Light dose: 4000 flashes, wavelength: 488+/-6 nm. (g) Maximal cAMP
signals elicited by OptoXRs shown in (f). For (e-f): n=9, 3 independent experiments. Data
shown as mean ± S.E.M.
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rho receptor containing exclusively the intracellular loops of β2AR (termed Opto-
β2AR-Loops) and demonstrated expression in HEK293 cells using flow cytometry
(FC) and immunofluorescence (IF) (Supplementary Figs. S6a,b). However, upon
light stimulation (488+/- 6 nm) no increase in intracellular cAMP levels was
observed, indicating that incorporation of these secondary structure elements in
this receptor is not sufficient to confer downstream signaling (Supplementary
Fig. B.6c). As the second implication, we formulated two strategies towards the
structure-guided design of variant β2AR OptoXRs. Specifically, we hypothesized
that including an as complete as possible ensemble of G-protein contacts of β2AR
will result in efficient G-protein activation. We therefore designed a variant termed
Opto-β2AR-All-In where domain boundaries are placed to include all β2AR-G
αs-contact residues (Fig. 3.2c). As a second variant, we designed Opto-β2AR-All-
Out in which all rho contact residues are excluded and consequently fewer β2AR
contact residues included. This latter variant tests if a partial domain exchange
is sufficient for chimeric receptor function. We first confirmed expression and
localisation of the receptors again using FC and IF (Fig. 3.2d,e). Next, we tested
receptor functionality upon light stimulation (488+/-6 nm) and found marked
differences (Fig. 3.2f,g). Activation of Opto-β2AR-All-Out did result in some light-
dependent cAMP production but only to very low levels (3-fold above baseline).
In apparent contrast, Opto-β2AR-All-In showed pronounced induction (∼ 50-
fold above baseline) that is comparable to ligand-induced responses in this cell
type (see below). These results confirm our hypothesis that inclusion of residues
identified using a structure-based approach yields chimeric receptors that produce
significantly stronger activation of downstream signaling pathways. In light of
this effect, we went on to further characterize the rationally-designed Opto-β2AR-
All-In, which we termed Opto-β2AR-2.0, first in comparison to β2AR and then to
previous OptoXRs.

Signaling profile of Opto-β2AR-2.0

We characterized the signalling profile of Opto-β2AR-2.0 and compared it to
that of β2AR for multiple signaling pathways (Fig. 3.3a). As β2AR canonically
couples to Gαs, we first investigated intracellular cAMP production. HEK293 cells
expressing either Opto-β2AR-2.0 or β2AR were stimulated with light (488+/-6 nm)
or the potent β-adrenoreceptor agonist isoproterenol (ISO) followed by real-time
cAMP detection (Fig. 3.3b). Generally, cAMP levels reached upon Opto-β2AR-2.0
activation were comparable to those reached upon β2AR activation, and both
receptors exhibited dose-dependent increases (half-maximal activation light dose
(LD50) for Opto-β2AR-2.0: 17 light flashes corresponding to ∼ 2.5 x 1012 photons,
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EC50 for β2AR: 8.7 nM) (Fig. 3.3c,d). As exemplified at light or drug doses that
produce ∼ half-maximal activation, stimulation of Opto-β2AR-2.0 resulted in
shorter-lived increases of cAMP compared to β2AR (Fig. 3.3b).

FIGURE 3.3: Signalling profile of Opto-β2AR-2.0. (a) Signaling pathways examined for
β2AR and Opto-β2AR-2.0. (b) Representative time course of cAMP production following
stimulation of β2AR or Opto-β2AR-2.0 with ISO or light (wavelength: 488+/-6 nm),
respectively. (c, d) cAMP increased in a dose-dependent manner following stimulation
of β2AR or Opto-β2AR-2.0. (e, f) β2AR (e) or Opto-β2AR-2.0 (f) responses after treatment
with 10 µM PTX. (g,i) Average time course of intracellular Ca2+ mobilization following
stimulation of β2AR with 1 µM ISO (g) or Opto-β2AR-2.0 with light (i). Signalling was
abolished by the Gαq inhibitor YM 254890 (YM). (h, j) Ca2+ mobilization increased in a
dose-dependent manner following stimulation of β2AR (h) or Opoto-β2AR-2.0 (j). For (c-j):
n=9-12, 3-4 independent experiments. Data shown as mean ± S.E.M..

These distinct time courses are in line with Opto-β2AR-2.0 being activated by light
transiently (see below for a detailed analysis), whilst agonist action on β2AR is
continuous leading to longer lasting production of cAMP, as reported previously
(Mathiesen et al., 2013; Roed et al., 2014) and as observed at multiple ligand doses
(Supplementary Fig. B.7). Thus whilst experimental conditions can be identified
(e.g., by varying light or ligand dose) in which activation time course of β2AR and
Opto-β2AR appear comparable, any similarity in these is not a universal property.
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β2AR also has the ability to couple to Gαi (Zhang et al., 2001; Ma et al., 2020).
To determine activation of Gαi by Opto-β2AR-2.0 and β2AR, we incubated cells
expressing either receptor with the Gαi specific inhibitor pertussis toxin (PTX)
and examined cAMP increases upon receptor activation. We found that neither
receptor exhibited PTX-dependent signaling (however, see below for effects of
PTX on signaling of a previous β2AR OptoXR) (Fig. 3.3e,f). Finally, we also
investigated the ability of both receptors to mobilize intracellular Ca2+. Analogous
to cAMP production, both receptors induced dose-dependent Ca2+ mobilization
to similar maximal levels (Fig. 3.3g-j). GPCRs can induce intracellular Ca2+

mobilization through multiple pathways, including the canonical Gαq-PLC axis.
To test whether β2AR and Opto-β2AR-2.0 activate Ca2+ via this axis, we applied
the Gαq inhibitor YM254890 (YM) (Takasaki et al., 2004) and found greatly reduced
activity for both receptors (Fig. 3.3g,i). As before for cAMP production, reversal
to basal Ca2+ levels was more rapid for Opto-β2AR-2.0 than β2AR. The general
agreement between Opto-β2AR-2.0 and β2AR signaling observed for G-protein
dependent pathways did strikingly not extend to β-arrestin. β2AR, like many
other GPCRs, exhibits the ability to undergo ‘biased’ signaling where outcomes
downstream of G-proteins or β-arrestin are differentially induced dependent on
the nature of the ligand. We quantified β-arrestin recruitment to β2AR and Opto-
β2AR-2.0 using highly sensitive bioluminescence resonance energy transfer assays
(BRET) (Supplementary Fig. B.8a). As previously demonstrated, β2AR recruited
β-arrestin2 in a dose-dependent manner with a half-maximal effective dose similar
to that observed for cAMP induction (EC50=18 nM; Supplementary Fig. B.8b,c).
However, we did not observe any light-dependent β-arrestin recruitment for
Opto-β2AR-2.0 even at the highest light doses (Supplementary Fig. B.8d). This
result indicates a distinct behaviour of the two receptors. This may not be
entirely surprising as active state confirmations and kinetics, which contribute
to signaling bias (Liu et al., 2012; McCorvy et al., 2018; Lamichhane et al., 2020),
are also encoded in the TM domains that are different in β2AR and the chimera.
Collectively, these results indicate striking similarities but also differences in the
signaling response of Opto-β2AR-2.0.

Optical activation profile of Opto-β2AR-2.0

After having established the signalling profile of Opto-β2AR-2.0, we went on
to characterize the optical activation profile of the receptor. As above, we took
advantage of a Xenon flash lamp to apply various light doses in a temporally-
precise manner (flash duration: 2 µs, photon dose per flash: ∼ 1.5 x 1011). We
found that both signal magnitude and duration depended on light dose (Fig.
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3.4a). Delivery of at least 200 flashes (∼ 3 x 1013 photons) resulted in saturated
cAMP levels matching those reached by saturating ISO concentrations on β2AR.
Notably, a single flash was also sufficient to induce a signal that was significant
(∼ 10% of maximal cAMP induction) and transient (decay within ∼ 10 min,
i.e. much faster than the decay after application of the amplitude-equivalent
dose of 0.1 nM ISO; 3.4a, Supplementary Fig. B.7). These results indicate that
a wide temporal activation range is accessible to Opto-β2AR-2.0. Opto-β2AR-
2.0 employs rho as light-sensing photoreceptor which is maximally sensitive
to blue-green light (maximal absorption: 500 nm, full width at half maximum:
100 nm) (Partridge et al., 1991; Govardovskii et al., 2000). We confirmed the
corresponding spectral sensitivity of Opto-β2AR-2.0 by stimulating cells with
light of different wavelengths (Fig. 3.4b). As expected, Opto-β2AR-2.0 could
be activated maximally at 488 nm (the closest wavelength to 500 nm that was
available to us), half-maximally at 459 and 544 nm and only weakly at 355 nm (in
the opsin β-band (Govardovskii et al., 2000)).

In the seminal study of Kim et al. (Kim et al., 2005), a chimeric rho:β2AR receptor
was engineered and characterized in a variety of cell types (Kim et al., 2005; Airan
et al., 2009; Siuda et al., 2015b). Following the existing convention, we refer to
this earlier OptoXR as Opto-β2AR, whilst our novel receptors are termed Opto-
β2AR with further labels (e.g., 2.0 or Loops, as above). We here compared the
efficiency of this receptor, which was designed using a trial-and-error approach
(see above), to that of Opto-β2AR-2.0 (Fig. 3.4c). We found that Opto-β2AR-2.0
generated larger signals (by 7.2 fold) than Opto-β2AR and produced half-maximal
signals already at lower light doses (LD50 of Opto-β2AR-2.0: 17 flashes, LD50
of Opto-β2AR: 82 flashes). Opto-β2AR-2.0 was not only more potent than Opto-
β2AR but also better suited for experiments in which repetitive light stimulation
was applied. Unlike in the case of Opto-β2AR, where a near-complete loss of
induction was observed after four bouts of stimulations, large signals could still be
produced by Opto-β2AR-2.0 under these conditions (Fig. 3.4d). On the time scale
of these experiments (∼ 1.5 hrs), these signals were even comparable to the highly
potent bistable opsin JellyOp (Bailes et al., 2012) from the jellyfish Carybdea rastonii
(Supplementary Fig. B.9). Finally, one further difference between Opto-β2AR and
Opto-β2AR-2.0 was that Opto-β2AR exhibited PTX sensitive activity (Fig. 3.4e). We
found that incubation with PTX resulted in increased cAMP signals indicative of
blocked inhibitory effects of Gαi, suggesting that Opto-β2AR contained a signaling
activity that is not representative for β2AR (Fig. 3.3d). While the effect of PTX was
pronounced, cAMP production was still many fold below that achievable with
Opto-β2AR-2.0 even under conditions of Gαi inhibition. Collectively, our analysis
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FIGURE 3.4: Optical activation profile of Opto-β2AR-2.0. (a) Average time course of
cAMP production following stimulation of Opto-β2AR-2.0 with increasing light doses.
(b) Stimulation of Opto-β2AR-2.0 with light of different wavelengths (20 flashes). (c)
Stimulation of Opto-β2AR and Opto-β2AR-2.0 with increasing light doses. (d) cAMP
production following repeated light stimulation of Opto-β2AR-2.0 (top) and Opto-β2AR
(bottom). (e) cAMP production following Opto-β2AR stimulation after treatment with 10
µM PTX. For (a-e): n=6-9, 2-3 independent experiments. Data shown as mean ± S.E.M.

shows that Opto-β2AR-2.0 is an efficient light-activated actuator that can offer
finer temporal precision than ligand stimulation as well as higher potency and
specificity than the closest known OptoXR.

A structure-guided experimental platform

We went on to demonstrate applications of the structure-based design principle in
general and of Opto-β2AR-2.0 in particular. We first tested if functional consequen-
ces of loss of GPCR-G-protein contact residues, which were identified in β2AR-Gαs

complexes, can be recapitulated in Opto-β2AR-2.0 (Fig. 3.5a). Complementary
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to the two well-studied intracellular domains centered around ICL2 and ICL3,
which differ between previous OptoXRs and Opto-β2AR-2.0 and lead to improved
function when incorporated using structural criteria (see Fig. 3.4 and above), we
have investigated TM7. Specifically, residue R3287x55 at the cytoplasmic end of
this helix has been implicated in G-protein binding through a contact to residue
E392H5.24 of Gαs in structural studies (Zhang et al., 2020)and molecular dynamic
simulations (Sandhu et al., 2019). Consequently, elimination of this interaction is
expected to impact signaling which we were able to recapitulate in the context of
Opto-β2AR-2.0 (Fig. 3.5a). A deleterious mutation introduced at this site (R3357x55)
resulted in cAMP levels that were reduced by 25%, demonstrating that predicted
contacts can be linked to function in a chimeric receptor.

FIGURE 3.5: A structure-guided experimental platform. (a) cAMP production following
stimulation of Opto-β2AR-R3287x55del. (b) Average time course of cAMP production
following stimulation of Opto-β2AR-2.0 and Opto-β2AR-2.0-Blue with light (50 flashes).
(c) Maximum cAMP levels following Opto-β2AR-2.0 and Opto-β2AR-2.0-Blue stimulation
with light at different wavelengths (50 flashes), normalized to maximum response of each
receptor. (d) Schematic of Opto-A2AR-2.0. (e) Average time course of cAMP production
following stimulation of Opto-A2AR-2.0 and Opto-A2AR with light (50 flashes). (f) Dose-
dependent increases in cAMP production after stimulation Opto-A2AR-2.0 and Opto-A2AR
with light. n=6-9, 2-3 independent experiments. Data shown as mean ± S.E.M.

Exploration of the contribution of R3287x55 to receptor function was assisted by
the large signals generated by Opto-β2AR-2.0. We reasoned that the improved
function of Opto-β2AR-2.0 may also enable experiments where the photosensitive
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domain of the receptor is reengineered in the context of optogenetic tool develop-
ment. Of general importance in the field of optogenetics is the availability of
actuator proteins with sensitivities to different wavelengths, and both “blue
shifting” (towards lower maximal absorption wavelengths) and “red shifting”
(towards higher maximal absorption wavelengths) is desirable (Hochbaum et
al., 2014; Forli et al., 2021; Lin et al., 2013; Tabor et al., 2011). This is generally
achieved either through identification of naturally-occurring spectrally-diverse
photoreceptors or through tuning of photoreceptors using substitutions in their
chromophore binding pockets (Ziegler et al., 2015; O’Neill et al., 2015). Importantly,
binding pocket mutagenesis is often associated with reduced protein folding
and function in opsins (Deisseroth et al., 2017; Lin et al., 1998; Janz et al., 2001;
Singhal et al., 2016), which is the likely reason why spectral tuning has never
been demonstrated in OptoXRs. Indeed, when introducing three amino acid
substitutions near the retinal binding site (T1183x33A, E1223x37D and A3187x39S;
residue numbers correspond to the Opto-β2AR-2.0 sequence and, in superscript,
to the GPCRdb numbering scheme (Isberg et al., 2015) that were previously shown
to blue-shift rho absorption by ∼ 50 nm (Janz et al., 2001), receptor signaling
was reduced dramatically (Fig. 3.5b). Despite reduced function, this Opto-β2AR-
2.0 variant still induced cAMP levels that are detectable and even comparable
to previous non-shifted OptoXRs. As expected, activation by blue light was
maintained but sensitivity to green light reduced (Fig. 3.5c), demonstrating
spectral tuning in a prototypical OptoXR enabled by the larger signals of Opto-
β2AR-2.0. Motivated by above successes, we explored whether a residue contact-
based design principle may also be applicable to other receptors (Fig. 3.5d).
We have previously developed a light-activated Adenosine 2A receptor (Opto-
A2AR) and characterized its function in highly-sensitive integrative transcriptional
reporter assays (Morri et al., 2018). Analogously as for β2AR above, we determined
G-protein proximal residues in an available A2AR receptor structures (García-
Nafría et al., 2018) to inform the placement of domain boundaries following the
“All-In” rationale. We called the resulting receptor Opto-A2AR-2.0. Similarly to
Opto-β2AR-2.0, Opto-A2AR-2.0 contained additional A2AR residues in TM3, TM6
and the C-terminus compared to Opto-A2AR (Supplementary Tables B.3, B.4).
We went on to test the ability of both receptors to induce cAMP responses and
found that only Opto-A2AR-2.0 resulted in strong activation in the real-time assays.
This result demonstrates functional improvement in Opto-A2AR-2.0 using the
structure-guided approach.
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3.2.5 Discussion

GPCRs relay diverse extracellular signals to specific downstream signaling path-
ways and thereby regulate essential physiological processes. To control the
activity of GPCR signaling with spatio-temporal precision, chimeric light-activated
receptors termed OptoXRs have been developed and employed alongside repurpos-
ed naturally-occuring opsins (Spangler et al., 2017; Wiegert et al., 2017). The design
of most published OptoXRs relied on domain boundaries that were proposed in
a seminal study (Kim et al., 2005). Notably, this recipe was formulated at a
time when only few atomic resolution structures were available for GPCRs and
none for GPCR-G-protein complexes. The past years have seen the emergence
of structural information depicting 105 unique GPCRs and 51 unique GPCR-
signaling-protein-complexes (Kooistra et al., 2021; Congreve et al., 2020). Here,
we utilized this information in two ways towards rational design of OptoXRs.
First, we evaluated if sequence alignments and structure alignments would yield
the same chimeric receptors. For a set of prototypical receptors this was indeed
the case. Second, we identified receptor residues that are proximal to the Gαs-
subunit and successively included these in the chimeric receptors. We found
that an “all in”-rationale markedly improved the function of OptoXRs. These
modifications, along with a non-functional fusion receptor that contained only
the cytoplasmic loops of β2AR, demonstrated that helical residues are required
for efficient downstream coupling. In our best performing Opto-β2AR-2.0, the
incorporated critical helical residues (e.g., I1393x54, T2796x36, L2806x37 or R3287x55)
are found to be conserved in Gαs coupled aminergic (including adregenetric)
receptors but not in non-G αs-coupled receptors. Our comparison of Opto-β2AR-
2.0 to the previous Opto-β2AR, that retained rho residues at these specific sites,
revealed their functional contribution. In agreement with this is the reverse
experiment, where the elimination or substitution of these residues was associated
with a marked reduction in function, as exemplified in the case of R3287x55 here
or also in earlier studies of non-chimeric β2AR and other Gαs-coupled aminergic
receptors (Jones et al., 2020; Liu et al., 2014; Flock et al., 2017). Furthermore,
our analysis also rationalizes previous findings that omission of entire structural
domains, e.g. intracellular loops, resulted in reduced function of chimeric GPCRs
(Kim et al., 2005; Bailes et al., 2012; Hickey et al., 2021). We consider introducing a
coupling switch, e.g. from the preference for Gαi/o of rho to Gαs, a good testbed
to explore structure-guided receptor design. Our work is complementary to
two recent studies in which coupling downstream of GPCRs was altered using
structural information. Using computer simulations of receptors and Gα helices in
combination with functional assays, Sandhu et al. generated a triple mutant β2AR
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receptor with more promiscuous downstream coupling, in particular leading
to more potent activation of Gαq compared to the WT receptor (Sandhu et al.,
2019). Using structure modeling and in silico and experimental mutagenesis,
Young et al. engineered remarkable orthogonal receptor-Gαpairs that interacted
specifically and independently of endogenous signaling- components (Young et al.,
2018). Collectively, these previous studies and our study demonstrate separate
advances towards several distinct design objectives (coupling switch, promiscuity
or orthogonality) and strategies (chimeric receptors or mutagenesis). These
advances may have opened the door to an impressive ability to tune downstream
GPCR function that can also be paired with existing reengineered receptors, such
as chemogenetic actuators (Guettier et al., 2009; Nakajima et al., 2012) or a mutated
OptoXR ((Siuda et al., 2015b), discussed below). One element of our study was
examination to which degree a prototypical OptoXR recapitulates the function
of the ligand-activated target receptor, in particular in the context of signaling
bias. In signaling bias, GPCRs assume distinct ligand-dependent active states and
state lifetimes that lead to preferred activation of some signaling pathways over
others (Shonberg et al., 2014; Violin et al., 2014; Wingler et al., 2020). We propose
that the outcomes downstream of OptoXR activation should be conceptually
viewed in a similar light as outcomes downstream of receptor activation by biased
ligands because both are associated with a particular signalling profile. Given
the pronounced differences in the activation mechanism of rho and β2AR, it may
not be surprising that the signaling profile of Opto-β2AR-2.0 was not identical to
that of β2AR. In particular, we were unable to detect β-arrestin recruitment for
Opto-β2AR-2.0 and thus under the conditions examined here signaling elicited by
Opto-β2AR-2.0 resembled more strongly that previously reported for G-protein-
biased ligands, such as pepducins (Carr et al., 2014). It is noteworthy that an
ability to predominantly activate G-protein-dependent pathways may be desirable
in some physiological settings (Carr et al., 2014; Billington et al., 2013). This
result may also be relevant in the context of an earlier study that proposed the
development of a “functionally selective” Opto-β2AR with limited Gαs signaling
but potent induction of pathways that can be activated downstream of β-arrestin
(Siuda et al., 2015b). Notably, this selectivity was achieved through mutagenesis
in key functional motifs that are present in most if not all GPCRs, such as the
highly-conserved tyrosine3x51 of the “E/DRY” motif or a further tyrosine5x58 that
participates in active-state specific interactions (Siuda et al., 2015b; Zhou et al.,
2019). Because of the placement of these substitutions in the rho photoreceptor core
(as opposed to in β2AR specific sequences as by us here) and because recruitment
of β-arrestin was not tested in this previous study, a comparison of the previous
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results and ours is not directly possible. The large signaling response elicited
by Opto-β2AR-2.0 prompted us to explore a wider scope and capabilities of
OptoXRs. As discussed above, we were able to demonstrate that elimination
of R3287x55, which has been shown to form β2AR-G-protein contacts to H5.24
(Sandhu et al., 2019; Zhang et al., 2020), reduces receptor function exemplifying
how individual residues can be examined in the OptoXR context. As a further
application, we introduced a spectral absorption shift to the rho photoreceptor
core to diversify the optogenetic repertoire. Mutagenesis in binding pockets are
associated with reduced protein folding and function in many protein families
including in opsins (Tokuriki et al., 2008; Deisseroth et al., 2017; Lin et al., 1998;
Janz et al., 2001; Singhal et al., 2016). Indeed, we observed that three residue
substitutions in proximity of the retinal cofactor reduced maximal cAMP levels
in a new blue-shifted Opto-β2AR-2.0 variant. Despite this reduced function, this
variant still induces cAMP levels that are comparable to previous unperturbed
OptoXRs. Complementary to naturally-occurring spectrally-diverse opsins, we
demonstrate for the first time spectral-tuning in an OptoXR. It becomes clear that
characterization of spectral effects of these mutations may have been difficult in
the context of existing OptoXRs. As a final demonstration, again prompted by
the functional improvement observed in Opto-β2AR-2.0, we went on to show
that a structure-guided approach can also be applied to a further target receptor.
As for Opto-β2AR, Opto-A2AR-2.0 outperformed a previous OptoXR version
significantly upon inclusion of further helical contacts. Structural biology has
already had a profound impact on the field of optogenetics, e.g. by enabling the
rational design of light-activated ion channels and protein-protein interactions
(Deisseroth et al., 2017; Dagliyan et al., 2016; Ziegler et al., 2015). We show that the
rational exchange of receptor domains resulted in more potent OptoXR activity
and the ability to design OptoXRs with new functions. However, because this
is the first demonstration of structure-guided coupling engineering in OptoXRs
and one of very few GPCRs in general, further studies are required to test how
universal these approaches are. It is interesting to note that the temporal sequence
of events driving G-protein association to a GPCR is an active area of study. Whilst
it is possible that this association initially involves intermediate receptor states
and contacts other than those observed in the stable GPCR-G protein complex
structures, such contacts have not yet been identified structurally (Ma et al.,
2020; Ahn et al., 2021; Du et al., 2019). Potentially OptoXRs may in the future
support time-resolved studies of these binding events by providing rapid and non-
invasive activation, similarly to instances of successful photoreceptor application
in spectroscopy and drug discovery (Kottke et al., 2017; Agus et al., 2017). In
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addition to serving as an experimental platform, targeted OptoXRs may in future
work continue to make contributions towards understanding the impact of GPCR
interactions on the level of cellular signaling networks.

3.2.6 Materials and Methods

Vectors and constructs

OptoXR genes were designed as described in the main text and ordered as
synthetic genes (gBlocks, Integrated DNA Technologies). Protein and nucleotide
sequences of all engineered receptors can be found in Supplementary Tables B.3
and B.4, respectively. Genes were amplified in polymerase chain reactions (PCRs)
using oligonucleotides with XhoI and KpnI restriction site overhangs and digested
with the respective enzymes (NEB Biolabs). pcDNA3.1(-) (Thermo Fisher Scientific)
was digested with the same enzymes and ligated with the amplified receptors
using T4 DNA ligase (Promega). For β-arrestin recruitment assays, receptors
were tagged with Rluc8 (Savage et al., 2013). Receptor genes were amplified
without a stop codon using oligonucleotides with BamHI and XhoI restriction
site overhangs and digested with the respective enzymes. A vector containing
Rluc8 (a kind gift of P. Sexton, Monash University) was digested with the same
enzymes. Receptor genes were ligated into the vector N-terminally of Rluc8 using
T4 DNA ligase. Opto-β2AR and Opto-A2AR vectors were in the same backbone
and described in a previous publication (Morri et al., 2018). This Opto-β2AR
gene encodes for a protein that is identical to those published previously (Kim
et al., 2005; Airan et al., 2009). The β2AR expression vector was a gift of Robert
Lefkowitz (Addgene plasmid #14697) (Tang et al., 1999). All genes were verified
using Sanger sequencing.

Cell culture

HEK293 cells (Thermo Fisher Scientific; further authenticated by assessing cell
morphology and growth rate) were cultured in mycoplasma-free Dulbecco’s
modified Eagle medium (DMEM, Gibco) in a humidified incubator with 5%
CO2 atmosphere at 37°C. Medium was supplemented with 10% FBS, 100 U/ml
penicillin and 0.1 mg/ml streptomycin (Gibco). HEK293 cells were reverse
transfected using poly(ethyleneimine) (linear, 20 kDA; Polysciences) (Tichy et
al., 2019a). Culture medium was changed 6 h after transfection and supplemented
with 10 µM 9-cis-retinal (Sigma) for experiments with light-activated receptors.
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Real-time cAMP measurements

The real-time cAMP assay employed the GloSensor-22F reporter cloned into
pcDNA3.1(-) as described previously (Morri et al., 2018). HEK293 cells were
seeded at a density of 5 x 104 cells/well in white 96-well plates and transfected with
receptor and reporter at a ratio of 1:1. HEK293 cells endogenously express β2AR
and were mock transfected with empty vector backbone for β2AR conditions. The
next day, culture medium was changed to Leibovitz’s L15 (Gibco) starve medium
(0.5% FBS, 100 U/ml penicillin and 0.1 mg/ml streptomycin) supplemented with 2
mM D-luciferin (Cayman Chemicals) and 10 µM 9-cis-retinal in experiments with
light-activated receptors. Cells were incubated for 60 min at RT. Luminescence was
measured in a microplate reader (Omega, BMG Labtech). Baseline luminescence
values were recorded for 8 cycles (90 sec/cycle) before stimulation. Cells were
stimulated with light (using the flash module of the plate reader with each flash
delivering a photon dose of 1.5 x 1011 photons) or ligand as described in the main
text or figure captions. For PTX experiments, cells were incubated with 10 µM
PTX (List Labs) overnight (o/n) at 37°C.

Real-time Ca2+ measurement

The real-time Ca2+ mobilization assay employed mtAequorin in pcDNA3.1 as
described previously (Stables et al., 1997). HEK293 cells were seeded at a density
of 5 x 104 cells/well in white 96-well plates and transfected with receptor and
reporter at a ratio of 1:1. The next day, media was replaced with Hank’s buffered
salt solution (HBSS, Sigma) supplemented with 10 µM coelenterazine h (Nanolight)
and 10 µM 9-cis-retinal in experiments with light-activated receptors. Cells were
then incubated for 2 h at 37°C. Luminescence was measured in the microplate
reader. Baseline luminescence values were recorded for 10 cycles (1 sec/cycle)
before stimulation. Cells were stimulated with light or ligand at concentrations
as described in the main text or figure captions. For YM254890 experiments, cells
were incubated with 10 µM YM254890 (AdipoGen Life Sciences) for 2 h at 37°C
before measurements.

Real-time β-arrestin2 recruitment

Receptor mediated β-arrestin2 recruitment was assessed using a real-time BRET
assay detecting energy transfer between Rluc8-tagged receptors and a mVenus-
tagged β-arrestin2. HEK293 cells were seeded at a density of 5 x 104 cells/well in
white 96-well plates and transfected with receptor-Rluc8 and β-arrestin2-mVenus
at a ratio of 1:4. Culture medium was changed 6 h after transfection and supplemented
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with 10 µM 9-cis-retinal (Sigma) for experiments with light-activated receptors.
The next day, media was replaced with 40 µl HBSS supplemen-ted and 10 µM 9-cis-
retinal for experiments with light-activated receptors. Cells were incubated for 1 h
at 37°C. Coelenterazine h was added at a final concentration of 5 µM immediately
before measurements. Baseline values were recorded for 8 cycles (90 sec/cycle)
before stimulation. Cells were stimulated with light or ligand at concentrations as
described in the main text or figure captions. BRET measurements were obtained
in the microplate reader using 460 (Rluc8) and 520 nm (mVenus) filters. The BRET
ratio was calculated by dividing the emission at 520 nm by the emission at 460 nm.

Immunofluorescence (IF)

HEK293 cells were seeded on glass coverslips coated with poly-L-ornithine (Sigma)
in 12-well plates (3 x 105 cells/well) and transfected with 1000 ng receptor plasmid.
The next day, under dim red light, cells were washed once with pre-warmed PBS
and then fixed with 4% PFA for 10 min at RT. Cells were washed three times with
PBS and permeabilized with PBS containing 0.25% Triton-X. Cells were washed
again three times with PBS and blocked with PBS + 0.1% Tween (PBS-T) containing
3% BSA at 37°C for 1 h. Cells were incubated with primary antibody (mouse anti-
4D2, 1:500 dilution; Abcam, ab98887) at 4°C o/n, washed three times with PBS,
and incubated with secondary antibody (donkey anti-mouse, Alexa488 conjugated,
1:750 dilution; Thermo Fisher Scientific, A21202) at RT for 2 h. Cells were washed
once with PBS, incubated with DAPI (Life Technologies) at a final dilution of
1:4000 at RT for 5 min and washed twice with PBS. Coverslips were mounted on
microscopy slides using Mowiol mounting media (Sigma) and left to dry. Images
were taken on a Zeiss Axio Imager Z1.

Analysis of expression level using flow cytometry (FC)

HEK293 cells were seeded in 6-well plates at a density of 106 cells/well and
transfected with 2000 ng receptor plasmid. The next day, under dim red light,
cells were washed once with PBS and dispersed using Accutase (Sigma) at 37°C
for 15 min. Accutase was neutralized using complete medium before the cell
suspension was collected in a 15 ml tube and centrifuged. After removal of
supernatant, cells were fixed in 2% PFA at 37°C for 10 min and washed once with
PBS. Cells were permeabilized with ice-cold methanol on ice for 30 min. Cells were
washed twice in FACS buffer (PBS supplemented with 2% FBS) and incubated
with primary antibody (see above) at RT for 30 min. Cells were then washed
once with FACS buffer and incubated with secondary antibody (see above) at
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RT for 30 min. Samples, including mock transfected, unstained and secondary
antibody controls, were run on the same day on a LSR Fortessa X-20 Cytometer
(BD Biosciences) and data was analyzed using FlowJo software (Flowjo).

Comparison of sequence and structure alignments

Initial comparisons of sequence alignments and structure alignments were perform-
ed on rho (PDB ID: 6CMO) and β2AR (PDB ID: 3SN6) using only the receptor
chain (chain R). Alignments using cealign and super were performed in PyMol
(3.7, Schrödinger). For alignments labelled cealign-h or super-h, only residues
within helical secondary structures were included. FATCAT2.0 alignments were
performed using the pairwise alignment option of the FATCAT2.0 server (Li et al.,
2020) (https://fatcat.godziklab.org). MUSCLE (Madeira et al., 2019) sequence
alignments were performed using the sequence of residues that are resolved in
the PDB file to enable comparison to the FATCAT2.0 alignment. Alignments were
manually inspected to determine whether key motifs (DRY, CWxP or NPxxY)
were correctly aligned. For detailed comparison of FATCAT2.0 and MUSCLE
alignments, rho (PDB ID: 6CMO) was also aligned to A2AR (PDB ID: 6GDF), β1AR
(PDB ID: 7JJO) and M1R (PDB ID: 6OIJ) followed by quantification of identical
pairs in macros written in Igor Pro (Wavemetrics). These MUSCLE and FATCAT2.0
alignments were manually analyzed to assess whether OptoXR boundaries were
at identical positions.

GPCR-G-protein interacting residues and visualization

GPCR residues in proximity to the Gα subunit were determined in PyMol as
described in the main text and figure captions. If available, multiple receptor
structures were analysed to include all possible binding residues. Contact maps
were verified using the automated CMView (Vehlow et al., 2011). PDB IDs of
the analysed structures were as follows for the studied receptors: Rho (6CMO,
6OYA), β2AR (3SN6, 7BZ2), A2AR (6GDF). Residue contacts can be found in
Supplementary Table B.2. Molecular structure images were generated in PyMol.

Data analysis

All pharmacological data were analysed using Prism (9.0, GraphPad). Dose-
response data were generated by applying a three-parameter non-linear equation
to data extracted from time courses. EC50 values were determined by fitting
dose-response data with a sigmoid curve.
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Concluding remarks and future
directions

Optogenetics has made it possible to investigate and answer a range of questions
that previously were unanswerable, or could not even be asked. This holds true
for optogenetic applications in neuroscience but also in other areas of research,
such as cell or developmental biology. The lure of optogenetics lies in its capability
to grant unprecedented spatio-temporal control. Its success, on the other hand, can
be attributed to the tools in use, which are either applicable to multiple different
questions (such as Channelrhodopsin for neuroscience) or can be adapted to suit
specific needs. Since its inception ∼20 years ago, optogenetics has undergone
different stages of development. First, the opsin toolbox for electrical control of
neurons was expanded through the discovery of other opsin proteins and further
engineering of existing ones. The second advancement was the utilisation of
different microbial, plant and even animal photoreceptors to expand the molecular
processes that can be controlled, to now include protein interactions or enzyme
and receptor function. This has progressed the field to a point where it is possible
to target varied and complex biological problems, such as metabolic engineering
of microorganisms for production purposes (Zhao et al., 2018) or developing
treatments for human diseases (Sahel et al., 2021).

Today, the field of optogenetics has evolved to face different challenges: on the
one hand, the demand for bespoke optogenetic tools for distinct applications far
outweighs the availability of these tools, and on the other hand, certain tools
without alternatives do not work very well. This results in the need for simplified
methods to design and engineer new tools, as well as for improvement of existing
tools. In this thesis, I addressed both of these issues.

In chapter 2, I addressed the need for easier and faster methods to develop
new optogenetic proteins, by establishing a new engineering strategy and vector
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library. This facilitates a simpler engineering of optogenetic tools whereas the
library serves a resource for the most commonly used photoreceptors. While the
described method does not act as fool-proof protocol that will result in a functional
optogenetic tool at all times, it provides a platform to simplify the testing of
multiple photoreceptors, in different configurations and with varying linkers, and
provides a photoreceptor collection in a clearly annotated and curated fashion.

Because of their versatility and perceived ease of engineering, Opto-PPIs have
become attractive also for researchers that historically have not specialized in
optogenetic engineering. An obstacle they face though is that the development
of such tools is not always as straightforward as fusing a target protein to a
photoreceptor (it can be, but often is not), and difficult and tedious optimization
steps can be prohibitive to further developing a tool. By allowing rapid sampling of
a large parameter space, this work provides an opportunity to make optogenetics
more accessible, and to reduce the "barrier to entry" into optogenetics.

The tool developed in the study in a proof-of-principle application, Opto-casp9,
can be used for a variety of purposes. In our study, focused on optogenetic tool
development, we suggest the use of Opto-casp9 to characterize and benchmark
parameters crucial to successful optogenetic experiments, such as culture conditions
(e.g. co-factor, transfection amount, expression levels and time) or illumination set
up (e.g. duration, wavelength and intensity, dark contamination). However,
apoptosis is fundamental in many physiological processes, especially across
development. Thus, Opto-casp9 is also a useful optogenetic tool in itself that
can be used to study how controlled cell death, or the disruption thereof, affects
tissue development or differentiation. Additionally, Opto-casp9 could be used
in ways similar to its ligand induced counter part (iCasp9), to induce cell death
in synthetic systems such as in CAR-T cells or iPSCs, with the added benefit of
spatio-temporal control afforded by light.

The demand for simplified methods to develop and screen optogenetic tools is
highlighted by the recent development of multiple such platforms. One such
example is a method for the development of light-regulated allosteric control
of enzymes (Dagliyan et al., 2016). This approach was recently advanced into
a streamlined framework which enables this method to be applied to multiple
different protein families, further increasing its accessibility (Dagliyan et al., 2019).
Efforts to simplify the use of optogenetics have also been made along the avenue
of illumination methods. For this purpose, several different resources have been
published on how to build highly versatile and custom-made illumination devices
with limited effort (Bugaj et al., 2019; Gerhardt et al., 2016). The vector library
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and engineering method developed in this thesis complements these platforms to
open optogenetics to a broader audience.

In the case of OptoXRs, the critical issue was a different one: the design approach
itself was not a robust or well-understood one, limiting its use and application.
While the common design in principle worked for some receptors, there have
been multiple published accounts of receptors not functioning (Oh et al., 2010;
McGregor et al., 2016), suggestive of a higher number of unpublished, non-
functioning receptors. The underlying principle of the original design was based
on swapping intracellular signalling domains (Kim et al., 2005), but the decision
for cut sites being at a certain position over another was based on trial and error.
This had the result that it was difficult to predict how changes to the design would
affect receptor function, and subsequently hampered efforts to improve upon it.
The work in this thesis, as described in chapter 3 provides a first design approach
based on a clear rational: GPCR-G-protein interactions as observed in cryo-EM or
crystal structures. This conceptual improvement of OptoXR design provides two
main advantages: On the one hand, it results in receptors with increased activity,
which also provides the opportunity to test further modifications. On the other
hand, the clear underlying rational will make it easier to adapt and change the
design to meet other objectives.

OptoXRs with improved functionality open the possibility to test a variety of
other alterations. Due to higher overall signal, the dynamic range of the receptor
is greatly expanded. This increases the likelihood that any effects on receptor
behaviour can be confidently determined, even if the effects result in decreased
function. We illustrate this by testing changes to the C-terminus as well as
mutations resulting in a blue-shift of Opto-β2AR 2.0. It is unlikely that the
consequences of these changes could have been determined using previous Opto-
β2AR versions. Increased receptor activity further means that receptor activation
can be achieved at sub-optimal light-conditions. This may be less critical in in-vitro
settings, but becomes of greater importance when translating the use into in-vivo
or even clinical settings. A recent publication reports on the successful use of
optogenetics to partially restore vision in a blind patient suffering from retinitis
pigmentosa (Sahel et al., 2021). While undoubtedly a breakthrough result, the high
intensity of light required to activate the Channelrhodopsin employed necessitates
the use of specific goggles to amplify the ambient light-signals. Approaches
using animal opsin based receptors and OptoXRs (Berry et al., 2019; Wyk et al.,
2015) show increased light sensitivity compared to Channelrhodopsins in animal
models, but still showcases that light-sensitivity will be a major driving factor
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on the pathway of using optogenetics for vision restoration, irrespective of the
employed tool.

The second advantage of the improved OptoXR design is that the clear rational
provides more opportunities for targeted adaptations to the cut sites, rather than
making changes "blindly". This increases the probability that more receptors can
be turned into OptoXRs. However, the new approach described in this thesis does
not guarantee that a functional OptoXR can be engineered for every GPCR, even
if a structure is available.

The specific OptoXR developed in this study, Opto-β2AR 2.0, displays marked
increases in functionality, particularly with regards to cAMP production, proving
that the hypothesis of including intracellular G-protein contacts in OptoXR chimeras
positively impacts function. This is a major improvement compared to previous
design strategies, but does not represent the end of the road, and further optimisa-
tions and characterisation can be undertaken in future studies. For one, the
precise mechanism how the improved functionality is achieved is worthy of
additional investigation. To do this, multiple aspects can be interrogated. The
role of contact residues and thus domain boundaries could be characterized
in more detail, both to confirm the current hypothesis or to identify further
optimisation steps. This would require detailed mutagenesis studies, likely with
an array of variants with double or triple mutations to determine the effect on
G-protein binding. In addition, it would be interesting to see whether the exact
mechanism for the increased function can be determined, such as increased G-
protein binding/retention, more efficient activation or more stable signalling state.
When looking at Opto-β2AR 2.0 as an optogenetic tool, in particular the temporal
properties are of interest and could be looked at in future studies, such as further
characterization of the kinetics of the different pathways activated or the impact of
intensity on kinetics. This could provide information that would allow to program
a stimulation regime that could result in a defined set and duration of signalling
output.

While our understanding of GPCRs has increased dramatically over the years
and there are many reports describing universal mechanisms (Flock et al., 2015;
Venkatakrishnan et al., 2016; Zhou et al., 2019), our knowledge does not extend far
enough yet to fully understand or predict how a GPCR functions. Here, we design
OptoXRs under the hypothesis that G-protein contacts play an integral role, but we
do not take into account other aspects, such as differences in receptor movement
upon activation (Latorraca et al., 2017). Nevertheless, this new approach provides
a framework to investigate questions such as these on OptoXRs or other GPCR
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chimeras. Similar to how chimeric GPCR studies were initially used to delineate
structure function relationships (Kobilka et al., 1988; Cotecchia et al., 1990),
chimeric GPCRs may now again be used in a similar fashion to investigate how
ubiquitous or transferable certain facets of GPCR function are in various cell types
and contexts.

This thesis has addressed two major challenges in the field of optogenetics by
providing a means to accelerate as well as improve the engineering and design
of current optogenetic tools. The work presented here will facilitate broader
accessibility of optogenetics, and will enable optogenetics to be applied to new
avenues of research.

64



Bibliography

Abreu, Nohely and Joshua Levitz (2020). “Optogenetic Techniques for Manipulating
and Sensing G Protein-Coupled Receptor Signaling”. In: pp. 21–51. DOI: 10.
1007/978-1-0716-0755-8_2.

Agus, Viviana and Harald Janovjak (2017). “Optogenetic methods in drug screening:
technologies and applications.” In: Curr. Opin. Biotechnol. 48, pp. 8–14. DOI:
10.1016/j.copbio.2017.02.006.

Ahn, Donghoon, Donghee Ham, and Ka Young Chung (2021). “The conformational
transition during G protein-coupled receptor (GPCR) and G protein interaction.”
In: Curr. Opin. Struct. Biol. 69, pp. 117–123. DOI: 10.1016/j.sbi.2021.03.013.

Airan, R D, K R Thompson, L E Fenno, H Bernstein, and K Deisseroth (2009).
“Temporally precise in vivo control of intracellular signalling”. In: Nature
458.7241, pp. 1025–1029. DOI: 10.1038/nature07926.

Atwood, Brady K, Jacqueline Lopez, James Wager-Miller, Ken Mackie, and Alex
Straiker (2011). “Expression of G protein-coupled receptors and related proteins
in HEK293, AtT20, BV2, and N18 cell lines as revealed by microarray analysis.”
In: BMC Genomics 12, p. 14. DOI: 10.1186/1471-2164-12-14.

Bailes, Helena J, Ling-Yu Y Zhuang, and Robert J Lucas (2012). “Reproducible and
sustained regulation of Gαs signalling using a metazoan opsin as an optogenetic
tool.” In: PLoS One 7.1, e30774. DOI: 10.1371/journal.pone.0030774.

Banerjee, Roopa, Erik Schleicher, Stefan Meier, Rafael Muñoz Viana, Richard
Pokorny, Margaret Ahmad, Robert Bittl, and Alfred Batschauer (2007). “The
Signaling State of Arabidopsis Cryptochrome 2 Contains Flavin Semiquinone”.
In: J. Biol. Chem. 282.20, pp. 14916–14922. DOI: 10.1074/jbc.M700616200.

Banghart, Matthew R. and Bernardo L. Sabatini (2012). “Photoactivatable Neuropeptides
for Spatiotemporally Precise Delivery of Opioids in Neural Tissue”. In: Neuron
73.2, pp. 249–259. DOI: 10.1016/j.neuron.2011.11.016.

Benedetti, Lorena, Andrew E.S. Barentine, Mirko Messa, Heather Wheeler, Joerg
Bewersdorf, and Pietro De Camilli (2018). “Light-activated protein interaction
with high spatial subcellular confinement”. In: Proc. Natl. Acad. Sci. U. S. A.
115.10, E2238–E2245. DOI: 10.1073/pnas.1713845115.

65

https://doi.org/10.1007/978-1-0716-0755-8_2
https://doi.org/10.1007/978-1-0716-0755-8_2
https://doi.org/10.1016/j.copbio.2017.02.006
https://doi.org/10.1016/j.sbi.2021.03.013
https://doi.org/10.1038/nature07926
https://doi.org/10.1186/1471-2164-12-14
https://doi.org/10.1371/journal.pone.0030774
https://doi.org/10.1074/jbc.M700616200
https://doi.org/10.1016/j.neuron.2011.11.016
https://doi.org/10.1073/pnas.1713845115


Bibliography

Benedetti, Lorena, Jonathan S. Marvin, Hanieh Falahati, Andres Guillén-Samander,
Loren L. Looger, and Pietro De Camilli (2020). “Optimized vivid-derived magnets
photodimerizers for subcellular optogenetics in mammalian cells”. In: Elife 9,
pp. 1–49. DOI: 10.7554/eLife.63230.

Berry, Michael H, Amy Holt, Autoosa Salari, Julia Veit, Meike Visel, Joshua Levitz,
Krisha Aghi, Benjamin M Gaub, Benjamin Sivyer, John G Flannery, and Ehud Y
Isacoff (2019). “Restoration of high-sensitivity and adapting vision with a cone
opsin.” In: Nat. Commun. 10.1, p. 1221. DOI: 10.1038/s41467-019-09124-x.

Billington, Charlotte K, Oluwaseun O Ojo, Raymond B Penn, and Satoru Ito (2013).
“cAMP regulation of airway smooth muscle function.” In: Pulm. Pharmacol. Ther.
26.1, pp. 112–20. DOI: 10.1016/j.pupt.2012.05.007.

Boyden, E S, F Zhang, E Bamberg, G Nagel, and K Deisseroth (2005). “Millisecond-
timescale, genetically targeted optical control of neural activity”. In: Nat Neurosci
8.9, pp. 1263–1268. DOI: 10.1038/nn1525.

Bugaj, L J, A T Choksi, C K Mesuda, R S Kane, and D V Schaffer (2013). “Optogenetic
protein clustering and signaling activation in mammalian cells”. In: Nat Methods
10.3, pp. 249–252. DOI: 10.1038/nmeth.2360.

Bugaj, L. J., A. J. Sabnis, A. Mitchell, J. E. Garbarino, J. E. Toettcher, T. G. Bivona, and
W. A. Lim (2018). “Cancer mutations and targeted drugs can disrupt dynamic
signal encoding by the Ras-Erk pathway”. In: Science (80-. ). 361.6405. DOI:
10.1126/science.aao3048.

Bugaj, Lukasz J. and Wendell A. Lim (2019). “High-throughput multicolor optogenetics
in microwell plates”. In: Nat. Protoc. 14.7, pp. 2205–2228. DOI: 10.1038/s41596-
019-0178-y.

Carr, Richard, Yang Du, Julie Quoyer, Reynold A Panettieri, Jay M Janz, Michel
Bouvier, Brian K Kobilka, and Jeffrey L Benovic (2014). “Development and
characterization of pepducins as Gs-biased allosteric agonists.” In: J. Biol. Chem.
289.52, pp. 35668–84. DOI: 10.1074/jbc.M114.618819.

Cehajic-Kapetanovic, Jasmina, Cyril Eleftheriou, Annette E Allen, Nina Milosavljevic,
Abigail Pienaar, Robert Bedford, Katherine E Davis, Paul N Bishop, and Robert J
Lucas (2015). “Restoration of Vision with Ectopic Expression of Human Rod
Opsin.” In: Curr. Biol. 25.16, pp. 2111–22. DOI: 10.1016/j.cub.2015.07.029.

Chatelle, Claire, Rocio Ochoa-Fernandez, Raphael Engesser, Nils Schneider, Hannes
M. Beyer, Alex R. Jones, Jens Timmer, Matias D. Zurbriggen, and Wilfried
Weber (2018). “A Green-Light-Responsive System for the Control of Transgene
Expression in Mammalian and Plant Cells”. In: ACS Synth. Biol. 7.5, pp. 1349–
1358. DOI: 10.1021/acssynbio.7b00450.

66

https://doi.org/10.7554/eLife.63230
https://doi.org/10.1038/s41467-019-09124-x
https://doi.org/10.1016/j.pupt.2012.05.007
https://doi.org/10.1038/nn1525
https://doi.org/10.1038/nmeth.2360
https://doi.org/10.1126/science.aao3048
https://doi.org/10.1038/s41596-019-0178-y
https://doi.org/10.1038/s41596-019-0178-y
https://doi.org/10.1074/jbc.M114.618819
https://doi.org/10.1016/j.cub.2015.07.029
https://doi.org/10.1021/acssynbio.7b00450


Bibliography

Chen, Kuang-Yui Michael, Daniel Keri, and Patrick Barth (2020). “Computational
design of G Protein-Coupled Receptor allosteric signal transductions.” In: Nat.
Chem. Biol. 16.1, pp. 77–86. DOI: 10.1038/s41589-019-0407-2.

Chène, P (2001). “The role of tetramerization in p53 function.” In: Oncogene 20.21,
pp. 2611–7. DOI: 10.1038/sj.onc.1204373.

Congreve, Miles, Chris de Graaf, Nigel A Swain, and Christopher G Tate (2020).
“Impact of GPCR Structures on Drug Discovery.” In: Cell 181.1, pp. 81–91. DOI:
10.1016/j.cell.2020.03.003.

Conrad, Karen S., Craig C. Manahan, and Brian R. Crane (2014). “Photochemistry
of flavoprotein light sensors”. In: Nat. Chem. Biol. 10.10, pp. 801–809. DOI: 10.
1038/nchembio.1633.

Copits, Bryan A et al. (2021). “A photoswitchable GPCR-based opsin for presynaptic
inhibition.” In: Neuron 109.11, 1791–1809.e11. DOI: 10.1016/j.neuron.2021.04.
026.

Cotecchia, S., S. Exum, M. G. Caron, and R. J. Lefkowitz (1990). “Regions of the
α1-adrenergic receptor involved in coupling to phosphatidylinositol hydrolysis
and enhanced sensitivity of biological function”. In: Proc. Natl. Acad. Sci. U. S. A.
87.8, pp. 2896–2900. DOI: 10.1073/pnas.87.8.2896.

Cvicek, Vaclav, William A. Goddard, and Ravinder Abrol (2016). Structure-Based
Sequence Alignment of the Transmembrane Domains of All Human GPCRs: Phylogenetic,
Structural and Functional Implications. Vol. 12. 3, pp. 1–31. DOI: 10.1371/journal.
pcbi.1004805.

Dagliyan, Onur, Nikolay V. Dokholyan, and Klaus M. Hahn (2019). “Engineering
proteins for allosteric control by light or ligands”. In: Nat. Protoc. 14.6, pp. 1863–
1883. DOI: 10.1038/s41596-019-0165-3.

Dagliyan, Onur, Miroslaw Tarnawski, Pei Hsuan Chu, David Shirvanyants, Ilme
Schlichting, Nikolay V. Dokholyan, and Klaus M. Hahn (2016). “Engineering
extrinsic disorder to control protein activity in living cells”. In: Science (80-. ).
354.6318, pp. 1441–1444. DOI: 10.1126/science.aah3404.

Deisseroth, Karl and Peter Hegemann (2017). “The form and function of channelrhodopsin.”
In: Science 357.6356. DOI: 10.1126/science.aan5544.

Dine, Elliot, Agnieszka A. Gil, Giselle Uribe, Clifford P. Brangwynne, and Jared E.
Toettcher (2018). “Protein Phase Separation Provides Long-Term Memory of
Transient Spatial Stimuli”. In: Cell Syst. 6.6, 655–663.e5. DOI: 10.1016/j.cels.
2018.05.002.

Du, Yang et al. (2019). “Assembly of a GPCR-G Protein Complex.” In: Cell 177.5,
1232–1242.e11. DOI: 10.1016/j.cell.2019.04.022.

67

https://doi.org/10.1038/s41589-019-0407-2
https://doi.org/10.1038/sj.onc.1204373
https://doi.org/10.1016/j.cell.2020.03.003
https://doi.org/10.1038/nchembio.1633
https://doi.org/10.1038/nchembio.1633
https://doi.org/10.1016/j.neuron.2021.04.026
https://doi.org/10.1016/j.neuron.2021.04.026
https://doi.org/10.1073/pnas.87.8.2896
https://doi.org/10.1371/journal.pcbi.1004805
https://doi.org/10.1371/journal.pcbi.1004805
https://doi.org/10.1038/s41596-019-0165-3
https://doi.org/10.1126/science.aah3404
https://doi.org/10.1126/science.aan5544
https://doi.org/10.1016/j.cels.2018.05.002
https://doi.org/10.1016/j.cels.2018.05.002
https://doi.org/10.1016/j.cell.2019.04.022


Bibliography

Ernst, Oliver P., David T. Lodowski, Marcus Elstner, Peter Hegemann, Leonid S.
Brown, and Hideki Kandori (2014). “Microbial and animal rhodopsins: Structures,
functions, and molecular mechanisms”. In: Chem. Rev. 114.1, pp. 126–163. DOI:
10.1021/cr4003769.

Farran, B (2017). “An update on the physiological and therapeutic relevance of
GPCR oligomers”. In: Pharmacol Res 117, pp. 303–327. DOI: 10.1016/j.phrs.
2017.01.008.

Flock, Tilman, Alexander S. Hauser, Nadia Lund, David E. Gloriam, Santhanam
Balaji, and M. Madan Babu (2017). “Selectivity determinants of GPCR-G-protein
binding”. In: Nature 545.7654, pp. 317–322. DOI: 10.1038/nature22070.

Flock, Tilman, Charles N.J. Ravarani, Dawei Sun, A. J. Venkatakrishnan, Melis
Kayikci, Christopher G. Tate, Dmitry B. Veprintsev, and M. Madan Babu (2015).
“Universal allosteric mechanism for Gα activation by GPCRs”. In: Nature 524.7564,
pp. 173–179. DOI: 10.1038/nature14663.

Forli, Angelo, Matteo Pisoni, Yoav Printz, Ofer Yizhar, and Tommaso Fellin (2021).
“Optogenetic strategies for high-efficiency all-optical interrogation using blue-
light-sensitive opsins.” In: Elife 10. DOI: 10.7554/eLife.63359.

Foster, Russell G., Mark W. Hankins, and Stuart N. Peirson (2007). “Light, photoreceptors,
and circadian clocks”. In: Methods Mol. Biol. 362, pp. 3–28. DOI: 10.1385/1-
59745-257-2:3.

Fredriksson, Robert, Malin C. Lagerström, Lars Gustav Lundin, and Helgi B.
Schiöth (2003). “The G-protein-coupled receptors in the human genome form
five main families. Phylogenetic analysis, paralogon groups, and fingerprints”.
In: Mol. Pharmacol. 63.6, pp. 1256–1272. DOI: 10.1124/mol.63.6.1256.

Gao, Yang, Hongli Hu, Sekar Ramachandran, Jon W. Erickson, Richard A. Cerione,
and Georgios Skiniotis (2019). “Structures of the Rhodopsin-Transducin Complex:
Insights into G-Protein Activation”. In: Mol. Cell 75.4, 781–790.e3. DOI: 10.1016/
j.molcel.2019.06.007.

García-Nafría, Javier, Yang Lee, Xiaochen Bai, Byron Carpenter, and Christopher G
Tate (2018). “Cryo-EM structure of the adenosine A2A receptor coupled to an
engineered heterotrimeric G protein.” In: Elife 7. DOI: 10.7554/eLife.35946.

Gerhardt, Karl P., Evan J. Olson, Sebastian M. Castillo-Hair, Lucas A. Hartsough,
Brian P. Landry, Felix Ekness, Rayka Yokoo, Eric J. Gomez, Prabha Ramakrishnan,
Junghae Suh, David F. Savage, and Jeffrey J. Tabor (2016). “An open-hardware
platform for optogenetics and photobiology”. In: Sci. Rep. 6.November, pp. 1–13.
DOI: 10.1038/srep35363.

68

https://doi.org/10.1021/cr4003769
https://doi.org/10.1016/j.phrs.2017.01.008
https://doi.org/10.1016/j.phrs.2017.01.008
https://doi.org/10.1038/nature22070
https://doi.org/10.1038/nature14663
https://doi.org/10.7554/eLife.63359
https://doi.org/10.1385/1-59745-257-2:3
https://doi.org/10.1385/1-59745-257-2:3
https://doi.org/10.1124/mol.63.6.1256
https://doi.org/10.1016/j.molcel.2019.06.007
https://doi.org/10.1016/j.molcel.2019.06.007
https://doi.org/10.7554/eLife.35946
https://doi.org/10.1038/srep35363


Bibliography

Glukhova, A, C J Draper-Joyce, R K Sunahara, A Christopoulos, D Wootten, and
P M Sexton (2018). “Rules of Engagement: GPCRs and G Proteins”. In: ACS
Pharmacol Transl Sci 1.2, pp. 73–83. DOI: 10.1021/acsptsci.8b00026.

Golonka, David, Patrick Fischbach, Siddhartha G. Jena, Julius R.W. Kleeberg, Lars
Oliver Essen, Jared E. Toettcher, Matias D. Zurbriggen, and Andreas Möglich
(2019). “Deconstructing and repurposing the light-regulated interplay between
Arabidopsis phytochromes and interacting factors”. In: Commun. Biol. 2.1, pp. 1–
12. DOI: 10.1038/s42003-019-0687-9.

Govardovskii, V I, N Fyhrquist, T Reuter, D G Kuzmin, and K Donner (2000). “In
search of the visual pigment template.” In: Vis. Neurosci. 17.4, pp. 509–28. DOI:
10.1017/s0952523800174036.

Grusch, Michael, Karin Schelch, Robert Riedler, Eva Reichhart, Christopher Differ,
Walter Berger, Álvaro Inglés-Prieto, and Harald Janovjak (2014). “Spatio-temporally
precise activation of engineered receptor tyrosine kinases by light”. In: EMBO J.
33.15, pp. 1713–1726. DOI: 10.15252/embj.201387695.

Guettier, Jean-Marc, Dinesh Gautam, Marco Scarselli, Inigo Ruiz de Azua, Jian
Hua Li, Erica Rosemond, Xiaochao Ma, Frank J Gonzalez, Blaine N Armbruster,
Huiyan Lu, Bryan L Roth, and Jürgen Wess (2009). “A chemical-genetic approach
to study G protein regulation of beta cell function in vivo.” In: Proc. Natl. Acad.
Sci. U. S. A. 106.45, pp. 19197–202. DOI: 10.1073/pnas.0906593106.

Gunaydin, L A, L Grosenick, J C Finkelstein, I V Kauvar, L E Fenno, A Adhikari,
S Lammel, J J Mirzabekov, R D Airan, K A Zalocusky, K M Tye, P Anikeeva,
R C Malenka, and K Deisseroth (2014). “Natural neural projection dynamics
underlying social behavior”. In: Cell 157.7, pp. 1535–1551. DOI: 10.1016/j.
cell.2014.05.017.

Guntas, Gurkan, Ryan A. Hallett, Seth P. Zimmerman, Tishan Williams, Hayretin
Yumerefendi, James E. Bear, and Brian Kuhlman (2015). “Engineering an improved
light-induced dimer (iLID) for controlling the localization and activity of signaling
proteins”. In: Proc. Natl. Acad. Sci. U. S. A. 112.1, pp. 112–117. DOI: 10.1073/
pnas.1417910112.

Gurevich, Vsevolod V and Eugenia V Gurevich (2017). “Molecular Mechanisms
of GPCR Signaling: A Structural Perspective.” In: Int. J. Mol. Sci. 18.12. DOI:
10.3390/ijms18122519.

Hauser, A S, M M Attwood, M Rask-Andersen, H B Schioth, and D E Gloriam
(2017). “Trends in GPCR drug discovery: new agents, targets and indications”.
eng. In: Nat Rev Drug Discov 16.12, pp. 829–842. DOI: 10.1038/nrd.2017.178.

Hickey, Doron G, Wayne I L Davies, Steven Hughes, Jessica Rodgers, Navamayooran
Thavanesan, Robert E MacLaren, and Mark W Hankins (2021). “Chimeric

69

https://doi.org/10.1021/acsptsci.8b00026
https://doi.org/10.1038/s42003-019-0687-9
https://doi.org/10.1017/s0952523800174036
https://doi.org/10.15252/embj.201387695
https://doi.org/10.1073/pnas.0906593106
https://doi.org/10.1016/j.cell.2014.05.017
https://doi.org/10.1016/j.cell.2014.05.017
https://doi.org/10.1073/pnas.1417910112
https://doi.org/10.1073/pnas.1417910112
https://doi.org/10.3390/ijms18122519
https://doi.org/10.1038/nrd.2017.178


Bibliography

human opsins as optogenetic light sensitisers.” In: J. Exp. Biol. 224.14. DOI:
10.1242/jeb.240580.

Hilger, Daniel, Matthieu Masureel, and Brian K. Kobilka (2018). “Structure and
dynamics of GPCR signaling complexes”. In: Nat. Struct. Mol. Biol. 25.1, pp. 4–12.
DOI: 10.1038/s41594-017-0011-7.

Hoang, Nathalie, Jean-Pierre Bouly, and Margaret Ahmad (2008). “Evidence
of a Light-Sensing Role for Folate in Arabidopsis Cryptochrome Blue-Light
Receptors”. In: Mol. Plant 1.1, pp. 68–74. DOI: 10.1093/mp/ssm008.

Hochbaum, Daniel R et al. (2014). “All-optical electrophysiology in mammalian
neurons using engineered microbial rhodopsins.” In: Nat. Methods 11.8, pp. 825–
33. DOI: 10.1038/nmeth.3000.

Hühner, Jens, Álvaro Ingles-Prieto, Christian Neusüß, Michael Lämmerhofer, and
Harald Janovjak (2015). “Quantification of riboflavin, flavin mononucleotide,
and flavin adenine dinucleotide in mammalian model cells by CE with LED-
induced fluorescence detection”. In: Electrophoresis 36.4, pp. 518–525. DOI: 10.
1002/elps.201400451.

Humphreys, Paul A., Steven Woods, Christopher A. Smith, Nicola Bates, Stuart
A. Cain, Robert Lucas, and Susan J. Kimber (2020). “Optogenetic control of
the BMP signaling pathway”. In: ACS Synth. Biol. 9.11, pp. 3067–3078. DOI:
10.1021/acssynbio.0c00315.

Ingles-Prieto, Alvaro, Nikolas Furthmann, Samuel H. Crossman, Alexandra Madelaine
Tichy, Nina Hoyer, Meike Petersen, Vanessa Zheden, Julia Biebl, Eva Reichhart,
Attila Gyoergy, Daria E. Siekhaus, Peter Soba, Konstanze F. Winklhofer, and
Harald Janovjak (2021). “Optogenetic delivery of trophic signals in a genetic
model of Parkinson’s disease”. In: PLoS Genet. 17.4 April 2021, pp. 1–23. DOI:
10.1371/journal.pgen.1009479.

Insel, Paul A, Krishna Sriram, Matthew W Gorr, Shu Z Wiley, Alexander Michkov,
Cristina Salmerón, and Amy M Chinn (2019). “GPCRomics: An Approach to
Discover GPCR Drug Targets.” In: Trends Pharmacol. Sci. 40.6, pp. 378–387. DOI:
10.1016/j.tips.2019.04.001.

Isberg, Vignir, Chris de Graaf, Andrea Bortolato, Vadim Cherezov, Vsevolod
Katritch, Fiona H Marshall, Stefan Mordalski, Jean-Philippe Pin, Raymond C
Stevens, Gerrit Vriend, and David E Gloriam (2015). “Generic GPCR residue
numbers - aligning topology maps while minding the gaps.” In: Trends Pharmacol.
Sci. 36.1, pp. 22–31. DOI: 10.1016/j.tips.2014.11.001.

Iseki, Mineo, Shigeru Matsunaga, Akio Murakami, Kaoru Ohno, Kiyoshi Shiga,
Kazuichi Yoshida, Michizo Sugai, Tetsuo Takahashi, Terumitsu Hori, and Masakatsu

70

https://doi.org/10.1242/jeb.240580
https://doi.org/10.1038/s41594-017-0011-7
https://doi.org/10.1093/mp/ssm008
https://doi.org/10.1038/nmeth.3000
https://doi.org/10.1002/elps.201400451
https://doi.org/10.1002/elps.201400451
https://doi.org/10.1021/acssynbio.0c00315
https://doi.org/10.1371/journal.pgen.1009479
https://doi.org/10.1016/j.tips.2019.04.001
https://doi.org/10.1016/j.tips.2014.11.001


Bibliography

Watanabe (2002). “A blue-light-activated adenylyl cyclase mediates photoavoidance
in Euglena gracilis”. In: Nature 415.6875, pp. 1047–1051. DOI: 10.1038/4151047a.

Iwai, Youichi, Katsuya Ozawa, Kazuko Yahagi, Tsuneko Mishima, Sonam Akther,
Camilla Trang Vo, Ashley Bomin Lee, Mika Tanaka, Shigeyoshi Itohara, and
Hajime Hirase (2021). “Transient Astrocytic Gq Signaling Underlies Remote
Memory Enhancement.” In: Front. Neural Circuits 15, p. 658343. DOI: 10.3389/
fncir.2021.658343.

Janz, J M and D L Farrens (2001). “Engineering a functional blue-wavelength-
shifted rhodopsin mutant.” In: Biochemistry 40.24, pp. 7219–27. DOI: 10.1021/
bi002937i.

Jones, Eric M, Nathan B Lubock, A J Venkatakrishnan, Jeffrey Wang, Alex M Tseng,
Joseph M Paggi, Naomi R Latorraca, Daniel Cancilla, Megan Satyadi, Jessica E
Davis, M Madan Babu, Ron O Dror, and Sriram Kosuri (2020). “Structural and
functional characterization of G protein-coupled receptors with deep mutational
scanning.” In: Elife 9. DOI: 10.7554/eLife.54895.

Jost, Marco, Jésus Fernández-Zapata, María Carmen Polanco, Juan Manuel Ortiz-
Guerrero, Percival Yang Ting Chen, Gyunghoon Kang, S. Padmanabhan, Montserrat
Elías-Arnanz, and Catherine L. Drennan (2015a). “Structural basis for gene
regulation by a B12-dependent photoreceptor”. In: Nature 526.7574, pp. 536–541.
DOI: 10.1038/nature14950.

Jost, Marco, Jeffrey H. Simpson, and Catherine L. Drennan (2015b). “The transcription
factor CarH safeguards use of adenosylcobalamin as a light sensor by altering
the photolysis products”. In: Biochemistry 54.21, pp. 3231–3234. DOI: 10.1021/
acs.biochem.5b00416.

Kainrath, Stephanie, Manuela Stadler, Eva Reichhart, Martin Distel, and Harald
Janovjak (2017). “Green-Light-Induced Inactivation of Receptor Signaling Using
Cobalamin-Binding Domains”. In: Angew. Chemie - Int. Ed. 56.16, pp. 4608–4611.
DOI: 10.1002/anie.201611998.

Kang, Y et al. (2018). “Cryo-EM structure of human rhodopsin bound to an
inhibitory G protein”. In: Nature 558.7711, pp. 553–558. DOI: 10.1038/s41586-
018-0215-y.

Karunarathne, W K Ajith, Lopamudra Giri, Vani Kalyanaraman, and N Gautam
(2013). “Optically triggering spatiotemporally confined GPCR activity in a cell
and programming neurite initiation and extension.” In: Proc. Natl. Acad. Sci. U.
S. A. 110.17, E1565–74. DOI: 10.1073/pnas.1220697110.

Kawano, Fuun, Hideyuki Suzuki, Akihiro Furuya, and Moritoshi Sato (2015).
“Engineered pairs of distinct photoswitches for optogenetic control of cellular
proteins”. In: Nat. Commun. 6.1, p. 6256. DOI: 10.1038/ncomms7256.

71

https://doi.org/10.1038/4151047a
https://doi.org/10.3389/fncir.2021.658343
https://doi.org/10.3389/fncir.2021.658343
https://doi.org/10.1021/bi002937i
https://doi.org/10.1021/bi002937i
https://doi.org/10.7554/eLife.54895
https://doi.org/10.1038/nature14950
https://doi.org/10.1021/acs.biochem.5b00416
https://doi.org/10.1021/acs.biochem.5b00416
https://doi.org/10.1002/anie.201611998
https://doi.org/10.1038/s41586-018-0215-y
https://doi.org/10.1038/s41586-018-0215-y
https://doi.org/10.1073/pnas.1220697110
https://doi.org/10.1038/ncomms7256


Bibliography

Kenakin, Terry and Arthur Christopoulos (2013). “Signalling bias in new drug
discovery: Detection, quantification and therapeutic impact”. In: Nat. Rev. Drug
Discov. 12.3, pp. 205–216. DOI: 10.1038/nrd3954.

Kennedy, Matthew J., Robert M. Hughes, Leslie A. Peteya, Joel W. Schwartz,
Michael D. Ehlers, and Chandra L. Tucker (2010). “Rapid blue-light-mediated
induction of protein interactions in living cells”. In: Nat. Methods 7.12, pp. 973–
975. DOI: 10.1038/nmeth.1524.

Keri, D. and P. Barth (2018). “Reprogramming G protein coupled receptor structure
and function”. In: Curr. Opin. Struct. Biol. 51, pp. 187–194. DOI: 10.1016/j.sbi.
2018.07.008.

Kholodenko, Boris N., Jan B. Hoek, and Hans V. Westerhoff (2000). “Why cytoplasmic
signalling proteins should be recruited to cell membranes”. In: Trends Cell Biol.
10.5, pp. 173–178. DOI: 10.1016/S0962-8924(00)01741-4.

Kim, J M, J Hwa, P Garriga, P J Reeves, U L RajBhandary, and H G Khorana (2005).
“Light-driven activation of beta 2-adrenergic receptor signaling by a chimeric
rhodopsin containing the beta 2-adrenergic receptor cytoplasmic loops”. In:
Biochemistry 44.7, pp. 2284–2292. DOI: 10.1021/bi048328i.

Kim, Suhyang, Yusuke Nakasone, Akira Takakado, Yoichi Yamazaki, Hironari
Kamikubo, and Masahide Terazima (2021). “A unique photochromic UV-A
sensor protein, Rc-PYP, interacting with the PYP-binding protein”. In: Phys.
Chem. Chem. Phys. 23.33, pp. 17813–17825. DOI: 10.1039/D1CP02731J.

Kleinlogel, Sonja (2016). “Optogenetic user’s guide to Opto-GPCRs.” In: Front.
Biosci. (Landmark Ed. 21, pp. 794–805. DOI: 10.2741/4421.

Kobilka, Brian K., Tong Sun Kobilka, Kiefer Daniel, John W. Regan, Marc G.
Caron, and Robert J. Lefkowitz (1988). “Chimeric α2-, β2-adrenergic receptors:
Delineation of domains involved in effector coupling and ligand binding specificity”.
In: Sci. Sci. 240.4857, pp. 1310–1316. DOI: 10.1126/science.2836950.

Kooistra, Albert J, Stefan Mordalski, Gáspár Pándy-Szekeres, Mauricio Esguerra,
Alibek Mamyrbekov, Christian Munk, György M Keserű, and David E Gloriam
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 2

 12 

Supplementary Fig. 1. Optogenetic protein engineering using a conventional workflow 13 

in which LSDs are inserted into target vectors (A) or using this genetic engineering 14 

strategy and vector library (B). Square brackets highlight steps that need to be repeated 15 

for each of the “n” tested LSDs. Within the square brackets, labels denote steps that 16 

require manual sequence analysis (M), overnight or longer wait times (W) and reagents 17 

($) that are specific for each LSD.  18 
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 3

 19 

Supplementary Fig. 2. Viability (luminescence signals) as a function of light dose (7 h 20 

continuous blue light,   470 nm) for cells transfected with VfAU1-LOV-casp9 (one 21 

representative experiment in triplicates, data shown are mean  SEM, solid line is a 22 

sigmoidal dose-response curve fit; the half maximal effective light intensity is 2.5 23 

µW/cm2).  24 
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 4

 25 

Supplementary Fig. 3. Opto-casp9 induces apoptosis upon light stimulation. (A) 26 

Annexin V binding and PI uptake report on apoptotic and necrotic cells. (B) 27 

Representative FACS analysis for HEK293 cells that were transfected with VfAU1-LOV-28 

casp9 or AtCRY2-PHR-casp9 and stimulated with light (7 h continuous blue light,   29 

470 nm, I  200 µW/cm²). Red numbers denote the percentage of the cells in the 30 

respective quadrant. (C) Quantitative analysis of apoptotic cells (n=3, three independent 31 

experiments, data shown are mean  SEM). p<0.01 (**) or p<0.001 (***). Two-tailed T-32 

test.  33 
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 34 

Supplementary Fig. 4. Luminescence signals for cells transfected with Opto-casp9 in 35 

which the casp9 active site cysteine was substituted with alanine (C287A) (n=12, four 36 

independent experiments, data shown are mean  SEM; 7 h continuous blue light,   37 

470 nm, I  200 µW/cm²).  38 
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 39 

Supplementary Fig. 5. Modified mammalian expression vectors developed in this 40 

study. The original vector pcDNA3.1(-) was modified by removing a XmaI site and 41 

inserting one of three cassettes (shown here, pOVC1 with ABC cassette: A: AgeI, B: 42 

EcoRI-spacer-BamHI, C: XmaI). The cassettes contain a Kozak sequence and 43 

start/stop codons. Vector map created using SnapGene.  44 
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Supplementary Table 1. LSDs and their binding partners included in this study. 45 

LSD Optimal  for 

activation (and 

reversal) (nm) 

Cofactor 

(typ.)* 

Light response Estimated 

lit state 

lifetime (τ) 

(sec)** 

Residues (Uniprot 

identifier) 

Ref.

VfAU1-LOV 450 FMN Homodimerization ~500 204-348 (A8QW55) [1, 2] 

CrPH-LOV1 450 FMN Homodimerization 20-800 16-133 (A8IXU7) [1, 3, 4] 

NcVVD-LOV 450 FMN Homodimerization >10,000 37-186/Y50W 

(Q9C3Y6) 

[1, 5-7] 

RsLP-LOV 450 FMN Monomerization ~2500 All residues of 

Protein Data Bank 

entry 4HJ4 

corresponding to 

genomic position 

NC_009428 

2302851–2303211 

[8, 9] 

AsPT1-LOV2-

EcSsra/EcSSPB 

micro/nano 

450 FMN Unfolding 

(heterodimerization, 

different affinities with 

EcSSBP micro or nano) 

~50 404-536 (O49003) [10, 11] 

AsPT1-LOV2-

pep/HsPDZ1b 

450 FMN Unfolding 

(heterodimerization) 

~50 404-537 (O49009) [11, 12] 

AtCRY2-PHR 450 FAD Oligomerization ~300 1-498 (Q96524) [13] 

AtCRY2-

PHR/AtCIB 

450 FAD Heterodimerization ~300 1-498 (Q96524)/ 

1-170 (Q8GY61) 

[14] 

MxCarH-CBD 550 AdoCblX Monomerization N/A 94-299 (Q50900) [15] 

TtCarH-CBD 550 AdoCblX Monomerization 

(irreversible) 

N/A 80-284 (Q53W62) [15] 

ScPH1-S 660/740 PCBX Homodimerization Hours 2-513 (Q55168) [15, 16] 

AtPHYB-S/AtPIF 660/740 PCBX/Phyt

ochromobi

linX 

Heterodimerization Hours 1-908 (P14713)/ 

1-100 (Q8L5W7) 

[17, 18] 

* Cofactors denoted with a cross (X) have been supplied exogenously to mammalian cells in previous 

experiments. ** The lit state lifetimes describe the characteristic decay of the photoactivated LSD to its 

dark state and do not directly correspond to the affinity or lifetime of the light-induced PPI that remains 

unknown for many LSDs. FMN: Flavin mononucleotide, FAD: Flavin adenine dinucleotide, AdoCbl: 

Adenosylcobalamin, PCB: Phycocyanobilin. 

  46 
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Supplementary Table 2. Oligonucleotide PCR primers used in this study. Restriction 47 

sites are underlined where applicable. 48 

Number Sequence 

1 CTTTTGCAAAAAGCTCTCGGGAGCTTGTATATC 

2 GATATACAAGCTCCCGAGAGCTTTTTGCAAAAG 

3 GATCGAATTCTCAGGCTCTGGATCCCCCGGGCTTAAGTTTAAACCGCTGATCAGCC 

4 GATCGAATTCACCGGTGGCCATGGTCAGCTTGGGTCTCCCTATAGTG 

5 GATCCCCGGGGAATTCTCAGGCTCTGGATCCTAAGTTTAAACCGCTGATCAG 

6 GATCCCCGGGACCGGTGGCCATGGTCAGCTTGGGTCTCCCTATAGTG 

7 GATCGGATCCACCGGTCCCGGGTAAGTTTAAACCGCTGATCAG 

8 GATCGGATCCAGAGCCTGAGAATTCGGCCATGGTCAGCTTGGGTCTCCCTATAGTG 

9 GGATCCCCCGGGTAAGTTTAAACCG 

10 CGGTTTAAACTTACCCGGGGGATCC 

11 AGTCACCGGTCCTGACTACAGTCTCGTGAAGGCT 

12 AGTCCCCGGGCTTTCTGCGCAGCATGTTACTGGT 

13 GATCACCGGTGCAGGACTCAGACATACATTTGTGGTGG 

14 GATCCCCGGGGGCCAGGGCTTTCCCTTCAGTC 

15 GATCCCCGGGCACACTCTCTACGCCCCAGGCG 

16 GATCCCCGGGTTCGGTTTCGCACTGAAAACCCATGCT 

17 GATCACCGGTGCCATGGATCAGAAGCAGTTT 

18 GATCCCCGGGACCCCTTCTTTCCCAGGC 

19 GATCATACCGGTCCACACGCA 

20 GATCATCCCGGGTGTTCCGGCA 

21 GATCATACCGGTCCCGAGGACCT 

22 GATCATCCCGGGGATTGCTTCTTT 

23 GACTCCCGGGGCAACTACTGTTCAACTGTCTGATC 

24 GACTCCCGGGTTCTTCAGCTTGGCGCAGAATCAG 

25 GATCACCGGTAAGATGGACAAGAAAACCATAG 

26 GATCACCGGTTGCAGCACCAATCATGATTTG 

27 GATCACCGGTATGATGTTCTTACCAACCGATTATTG 

28 GATCCCCGGGGTCAACATGTTTATTGCTTTCCAAC 

29 GATCACCGGTGTTTCCGGAGTCGGGGG 

30 GATCCCCGGGGCTCGGGATTTGCAAGAAAC 

31 GATCACCGGTAATGGAGCTATAGGAGGTGACC 

32 GATCCCCGGGACATGAATATAATCCGTTTTCTCC 

33 GATCACCGGTAAACTGGAAGTCGAGGGAGTGC 

34 GATCACCGGTACCGCCAGATTCCAGTTTTAGAAG 

35 GAACTGTACCGGCATCCTGGGCCGTAG 

36 CTACGGCCCAGGATGCCGGTACAGTTC 

37 GAAAGTTGATTCCTCCTGGGACAGAAACAAGC 

38 GCTTGTTTCTGTCCCAGGAGGAATCAACTTTC 

39 GCCTGGTCCCCTGGGTGGAGTAAC 
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40 GTTACTCCACCCAGGGGACCAGGC 

41 GTTAAATCCGGTTTGGATTCATTCCAAGAATACTGG 

42 CCAGTATTCTTGGAATGAATCCAAACCGGATTTAAC 

43 GATCCCGGGGGATTTGGTGATGTCGGTGC 

44 GATCCCCGGGTGATGTTTTAAAGAAAAGTTTTTTCCGG 

45 GATCCCCGGGCTGGCAACCACACTGGAAC 

46 GATCCCCGGGTCCAAAGTAATTTTCGTCGTTCGC 

47 GATCCCCGGGAGCTCCCCGAAACGCCC 

48 GATCCCCGGGACCAATATTCAGCTCGTCATAGATTTC 

49 GATCCCCGGGCCAGAACTTGGATTTAGCATATC 

50 GATCCCCGGGTCTAGAGGTACGGTAGTTAATCGAG 

51 GATCCCCGGGTTGGCTGCTGCACTTGAACG 

52 GATCCCCGGGCACCCAGGTATCCACCGC 

53 GATCGAATTCTACCCATACGATGTTCCAGATTAC 

54 TCGAATTCGAACAAAAACTCATCTCAGAAGAG 

55 CTTTTTCATCCAGGCCGCTGGTGGGGAGCAGAAAG 

56 CTTTCTGCTCCCCACCAGCGGCCTGGATGAAAAAG 

57 GCCGCTTCTTTCGCCGCCGCTTCAGAATTCACCGGTGGCCATG 

58 GGCGAAAGAAGCGGCGGCGAAAGGATCCCCCGGGTAAGTTTA 

59 AATTCGGAAGCTCTAGTGGTG 

60 GATCCACCACTAGAGCTTCCG 

61 AATTCGGAAGCTCTGGCGGATCCAGTGGTG 

62 GATCCACCACTGGATCCGCCAGAGCTTCCG 

63 AATTCGGAAGCAGCTCTTCTGGCGGATCCAGTAGTGGTG 

64 GATCCACCACTACTGGATCCGCCAGAAGAGCTGCTTCCG 

65 CAGTTCAACGCCCGCTTTAAGGGCGTGTC 

66 GACACGCCCTTAAAGCGGGCGTTGAACTG 

  49 

Appendix A. Supplementary Information to Chapter 2

95



 10

Supplementary Table 3. Nucleotide sequences of empty and linker-containing 50 

cassettes. Green: site A, blue: site B, red: site C. The genes are available through 51 

Addgene.org. 52 

Name Sequence 

pOVC1 ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

pOVC2 ACCATGGCCACCGGTCCCGGGGAATTCTCAGGCTCTGGATCCTAA 

pOVC3 ACCATGGCCGAATTCTCAGGCTCTGGATCCACCGGTCCCGGGTAA 

pOVC1_L1(GSSSG) ACCATGGCCACCGGTGAATTCGGAAGCTCTAGTGGTGGATCCCCCGGGTAA 

pOVC1_L2(GSSGGSSG) ACCATGGCCACCGGTGAATTCGGAAGCTCTGGCGGATCCAGTGGTGGATCCCCCGGGTAA 

pOVC1_L3(GSSSSGGSSSG) ACCATGGCCACCGGTGAATTCGGAAGCAGCTCTTCTGGCGGATCCAGTAGTGGTGGATCCCCCGGGTAA 

pOVC1_L4(EAAAK)3 ACCATGGCCACCGGTGAATTCGAAGCGGCGGCGAAAGAAGCGGCGGCGAAAGAAGCGGCGGCGAAAGGATCCC
CCGGGTAA 

  53 
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Supplementary Table 4. Nucleotide sequences of ordered gene fragments. 54 

Name Sequence

AtCRY2-PHR AAGATGGACAAGAAAACCATAGTCTGGTTTCGCCGCGATTTGAGGATAGAGGATAACCCTGCGTTGGCCGCAGCGGCCCACG

AAGGCAGCGTGTTCCCCGTGTTCATATGGTGCCCAGAGGAGGAAGGCCAGTTCTACCCAGGTCGCGCTAGTCGCTGGTGGAT

GAAACAGTCTCTCGCACATCTCTCCCAATCTTTGAAAGCTCTCGGGTCTGACCTTACGCTGATTAAGACCCACAATACTATT

AGTGCAATCTTGGACTGCATCCGCGTTACCGGCGCGACCAAAGTGGTGTTTAATCATCTGTATGACCCGGTAAGTCTGGTAC

GCGACCATACAGTTAAGGAGAAGTTGGTTGAAAGGGGAATTTCAGTACAGAGTTATAATGGAGACCTCCTCTACGAACCTTG

GGAAATATACTGTGAGAAGGGAAAGCCATTTACATCATTTAACTCATACTGGAAAAAGTGTCTTGACATGAGCATAGAGTCT

GTCATGTTGCCCCCGCCGTGGCGGCTTATGCCCATCACCGCGGCCGCCGAAGCTATCTGGGCGTGTAGTATTGAAGAACTTG

GCTTGGAGAACGAAGCAGAAAAACCTAGCAATGCACTGTTGACGCGCGCCTGGTCCCCCGGGTGGAGTAACGCAGATAAATT

GCTTAACGAGTTCATCGAAAAGCAACTTATCGACTACGCTAAGAATAGCAAAAAAGTGGTGGGCAATTCAACCTCCCTCCTG

TCTCCGTACTTGCATTTCGGCGAGATTAGCGTGCGGCACGTCTTCCAATGCGCCCGAATGAAACAAATAATCTGGGCGCGGG

ATAAAAACAGTGAGGGTGAAGAAAGCGCAGACTTGTTCCTCCGAGGAATCGGTCTGCGAGAATATAGTCGCTACATTTGTTT

CAATTTTCCCTTTACGCATGAGCAGAGCCTCCTTAGTCACTTGCGATTCTTTCCTTGGGACGCAGATGTTGACAAATTTAAA

GCATGGCGGCAAGGTAGAACAGGCTACCCATTGGTAGATGCGGGTATGCGAGAACTCTGGGCCACGGGGTGGATGCATAACC

GAATCAGGGTAATAGTAAGTAGTTTCGCAGTTAAGTTTCTTTTGCTTCCATGGAAGTGGGGGATGAAGTATTTCTGGGACAC

TTTGCTCGATGCGGATCTTGAATGCGATATATTGGGTTGGCAATATATTTCCGGGTCAATCCCTGACGGCCATGAGCTGGAC

AGATTGGACAATCCTGCGCTCCAGGGTGCGAAATACGATCCCGAAGGTGAATACATTAGACAATGGCTTCCAGAACTTGCCA

GGTTGCCCACGGAATGGATTCACCACCCATGGGACGCCCCTCTTACGGTTTTGAAGGCGAGTGGTGTGGAGCTCGGTACCAA

TTACGCAAAACCGATTGTTGACATTGATACCGCGCGGGAGTTGCTGGCTAAAGCCATTTCACGAACCCGGAAAGCCCAAATC

ATGATTGGTGCTGCA 

Casp9 GATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAGCATGGAGCCCTGTGGCCA

CTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCTCCAACATCGACTGTGAGAAG

TTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCCAAGAAAATGGTGCTGGCTTTGC

TGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTCTCACGGCTGTCAGGCCAGCCACCT

GCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGATTGTGAACATCTTCAATGGGACCAGC

TGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGGGAGCAGAAAGACCATGGGTTTGAGGTGG

CCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGCCACCCCGTTCCAGGAAGGTTTGAGGACCTT

CGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTGTGTCCTACTCTACTTTCCCAGGTTTTGTTTCC

TGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGACATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGC

AGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGATTTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCG

GAAAAAACTTTTCTTTAAAACATC 

HA-P2A-MYC CATGTACCCATACGATGTTCCAGATTACGCTGCGACCAACTTTAGCCTGCTGAAACAGGCGGGCGATGTGGAAGAAAACCCG

GGCCCGGAACAAAAACTCATCTCAGAAGAGGATCTGCATG 

AsPT-LOV2-

EcSsra 

GATCAGCTGGCAACCACACTGGAACGGATCGAGAAAAATTTCGTGATTACTGATCCGAGACTGCCTGACAACCCAATCATTT

TTGCGAGCGATTCCTTCCTGCAGCTGACAGAATATTCTCGGGAAGAGATCCTGGGGCGCAATTGCCGTTTTCTGCAGGGACC

CGAGACAGACCGTGCCACTGTTCGGAAAATCAGAGATGCTATTGACAACCAGACTGAAGTGACCGTTCAGCTGATCAATTAT

ACCAAGAGCGGCAAGAAGTTCTGGAACGTGTTCCACCTGCAGCCGATGCGCGATTATAAGGGCGACGTCCAGTACTTCATTG

GCGTGCAGCTGGATGGCACCGAACGTCTTCATGGCGCCGCTGAGCGTGAGGCGGTCTGCCTGATCAAAAAGACAGCCTTTCA

GATTGCTGAGGCAGCGAACGACGAAAATTACTTTGGAGATCAG 

EcSSPB 

(micro) 

GATCAGAGCTCCCCGAAACGCCCTAAGCTGCTGCGTGAATATTACGATTGGCTGGTTGATAACAGCTTTACCCCATATCTGG

TGGTGGATGCCACATACCTGGGCGTGAACGTGCCCGTGGAGTATGTGAAAGACGGTCAGATCGTGCTGAATCTGTCTGCAAG

TGCGACCGGCAACCTGCAACTGACAAATGATTTTATCCAGTTCAACGCCCAGTTTAAGGGCGTGTCTCGTGAACTGTATATC

CCGATGGGTGCCGCTCTGGCCATTTACGCTCGCGAGAACGGCGATGGTGTGATGTTCGAACCAGAAGAAATCTATGACGAGC

TGAATATTGGTGATCAG 
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AsPT-LOV2-pep GATCAGTTGGCTGCTGCACTTGAACGTATTGAGAAGAACTTTGTCATTACTGACCCAAGATTGCCAGATAATCCCATTATAT

TCGCGTCCGATAGTTTCTTGCAGTTGACAGAATATAGCCGTGAAGAAATTTTGGGAAGAAACTGCAGGTTTCTACAAGGTCC

TGAAACTGATCGCGCGACAGTGAGAAAAATTAGAGATGCCATAGATAACCAAACAGAGGTCACTGTTCAGCTGATTAATTAT

ACAAAGAGTGGTAAAAAGTTCTGGAACCTCTTTCACTTGCAGCCTATGCGAGATCAGAAGGGAGATGTCCAGTACTTTATTG

GGGTTCAGTTGGATGGAACTGAGCATGTCCGAGATGCTGCCGAGAGAGAGGCAGTCATGCTGGCGAAGAAAACTGCAGAAGA

GATTGATAAAGCGGTGGATACCTGGGTGGATCAG 

HsPDZB1 GATCAGCCAGAACTTGGATTTAGCATATCAGGTGGTGTCGGGGGTAGAGGAAACCCATTCAGACCTGATGATGATGGTATAT

TTGTAACAAGGGTACAACCTGAAGGACCAGCATCAAAATTACTGCAGCCAGGTGATAAAATTATTCAGGCTAATGGCTACAG

TTTTATAAATATTGAACATGGACAAGCAGTGTCCTTGCTAAAAACTTTCCAGAATACAGTTGAACTCATCATTGTACGAGAA

GTTGGTAACGGTGCAAAACAAGAGATTCGAGTGAGGGTTGAAAAAGACGGTGGTTCTGGAGGCGTTTCTTCTGTTCCGACCA

ATCTGGAAGTTGTTGCTGCGACCCCGACTAGCCTGCTGATCAGCTGGGATGCGTATAGGGAGCTTCCGGTTAGTTATTACCG

TATCACGTACGGTGAAACAGGTGGTAACTCCCCGGTTCAGGAGTTCACTGTACCTGGTTCCAAGTCTACTGCTACCATCAGC

GGCCTGAAACCGGGTGTCGACTATACCATCACTGTATACGCACATTACAACTACCATTACTACTCTAGCCCAATCTCGATTA

ACTACCGTACCTCTAGAGATCAG 

  55 
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Supplementary Table 5. Nucleotide sequences of cassettes containing LSDs. Green: 56 

site A, blue: site B, red: site C. X: Empty site. The genes are available through 57 

Addgene.org. 58 

Name Sequence 

>pOVC1_VfAU1-LOV_X ACCATGGCCACCGGTCCTGACTACAGTCTCGTGAAGGCTCTGCAAATGGCACAACAGAATTTTGTCATTACAG
ACGCCTCCCTCCCAGACAACCCTATCGTCTACGCCAGTAGAGGGTTTCTGACACTGACAGGCTATTCTCTCGA
CCAGATCCTGGGCAGGAACTGCAGGTTTCTGCAAGGGCCAGAAACAGACCCAAGAGCTGTGGATAAGATCAGG
AATGCCATCACCAAAGGCGTTGATACCAGTGTCTGTCTGCTGAATTATAGACAGGATGGCACAACCTTCTGGA
ATCTCTTCTTCGTGGCTGGACTCAGAGATTCTAAGGGCAATATTGTCAACTACGTCGGAGTGCAGTCAAAGGT
GAGCGAAGATTATGCCAAGCTGCTGGTCAACGAGCAGAACATTGAGTACAAAGGTGTGCGCACCAGTAACATG
CTGCGCAGAAAGCCCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

>pOVC1_CrPH-LOV1_X ACCATGGCCACCGGTGCAGGACTCAGACATACATTTGTGGTGGCTGATGCAACACTCCCTGATTGCCCACTGG
TCTATGCAAGTGAGGGCTTCTACGCAATGACCGGATATGGACCTGACGAAGTGCTGGGTCACAACTGTAGGTT
TCTGCAGGGTGAGGGAACTGACCCCAAGGAAGTGCAGAAAATTCGCGACGCCATCAAGAAGGGTGAGGCTTGT
AGTGTGCGCCTCCTGAACTATCGGAAGGACGGCACTCCCTTCTGGAACCTGCTGACAGTCACCCCAATTAAAA
CCCCTGATGGCCGCGTGTCCAAGTTTGTCGGCGTGCAGGTGGATGTTACCTCCAAGACTGAAGGGAAAGCCCT
GGCCCCCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

>pOVC1_NcVVD-LOV_X ACCATGGCCACCGGGCACACTCTCTACGCCCCAGGCGGGTACGATATTATGGGCTGGCTGATCCAGATCATGA
ACAGGCCCAATCCCCAGGTCGAGCTGGGACCCGTGGATACTTCATGTGCACTGATACTGTGCGACCTGAAGCA
GAAGGATACACCTATAGTTTACGCTTCAGAAGCCTTTCTGTACATGACAGGGTATTCTAACGCCGAGGTGCTG
GGGAGGAACTGTAGGTTCCTCCAGAGTCCCGATGGTATGGTGAAACCTAAGAGTACTCGCAAATATGTGGATA
GCAATACTATTAACACCATGAGGAAAGCCATCGACAGAAACGCAGAAGTTCAGGTGGAAGTGGTGAACTTTAA
GAAGAACGGCCAGCGGTTCGTGAACTTTCTCACAATGATTCCAGTGCGGGACGAAACCGGGGAGTACCGGTAC
AGCATGGGTTTTCAGTGCGAAACCGAACCCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

>pOVC1_RsLP-LOV_X ACCATGGCCACCGGTGCCATGGATCAGAAGCAGTTTGAGAAGATTAGAGCTGTGTTTGACAGGTCAGGGGTCG
CACTGACCCTCGTTGACATGTCCCTGCCAGAGCAACCCCTGGTGCTCGCCAACCCTCCATTTCTGAGAATGAC
TGGCTATACTGAGGGCCAGATCCTGGGATTCAACTGCAGATTTCTCCAGAGAGGCGACGAAAATGCTCAGGCA
CGGGCTGACATCAGAGATGCCCTCAAGCTCGGAAGGGAGCTCCAGGTGGTCCTCCGCAATTACAGAGCCAACG
ATGAACCATTTGACAATCTGCTGTTCCTGCACCCTGTCGGTGGCAGACCCGACGCTCCTGACTACTTCCTCGG
TTCTCAGTTCGAGCTGGGTAGAAGCGGAAATAGCGAAGAGGCAGCCGCAGCTGGACACGCAGGGGCACTGACT
GGGGAGCTCGCCAGAATAGGAACTGTGGCTGCTCGGCTCGAAATGGACAGTCGGAGACATCTGGCACAAGCTG
CTGCAGCCCTGGTGAGGGCCTGGGAAAGAAGGGGTCCCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

>pOVC1_EcSSPB-nano_X ACCATGGCCACCGGGAGCTCCCCGAAACGCCCTAAGCTGCTGCGTGAATATTACGATTGGCTGGTTGATAACA
GCTTTACCCCATATCTGGTGGTGGATGCCACATACCTGGGCGTGAACGTGCCCGTGGAGTATGTGAAAGACGG
TCAGATCGTGCTGAATCTGTCTGCAAGTGCGACCGGCAACCTGCAACTGACAAATGATTTTATCCAGTTCAAC
GCCCGCTTTAAGGGCGTGTCTCGTGAACTGTATATCCCGATGGGTGCCGCTCTGGCCATTTACGCTCGCGAGA
ACGGCGATGGTGTGATGTTCGAACCAGAAGAAATCTATGACGAGCTGAATATTGGTCCCGGTGAATTCTCAGG
CTCTGGATCCCCCGGGTAA 

>pOVC1_EcSSPB-micro_X ACCATGGCCACCGGGAGCTCCCCGAAACGCCCTAAGCTGCTGCGTGAATATTACGATTGGCTGGTTGATAACA
GCTTTACCCCATATCTGGTGGTGGATGCCACATACCTGGGCGTGAACGTGCCCGTGGAGTATGTGAAAGACGG
TCAGATCGTGCTGAATCTGTCTGCAAGTGCGACCGGCAACCTGCAACTGACAAATGATTTTATCCAGTTCAAC
GCCCAGTTTAAGGGCGTGTCTCGTGAACTGTATATCCCGATGGGTGCCGCTCTGGCCATTTACGCTCGCGAGA
ACGGCGATGGTGTGATGTTCGAACCAGAAGAAATCTATGACGAGCTGAATATTGGTCCCGGTGAATTCTCAGG
CTCTGGATCCCCCGGGTAA 

>pOVC1_HsPDZ1b_X ACCATGGCCACCGGGCCAGAACTTGGATTTAGCATATCAGGTGGTGTCGGGGGTAGAGGAAACCCATTCAGAC
CTGATGATGATGGTATATTTGTAACAAGGGTACAACCTGAAGGACCAGCATCAAAATTACTGCAGCCAGGTGA
TAAAATTATTCAGGCTAATGGCTACAGTTTTATAAATATTGAACATGGACAAGCAGTGTCCTTGCTAAAAACT
TTCCAGAATACAGTTGAACTCATCATTGTACGAGAAGTTGGTAACGGTGCAAAACAAGAGATTCGAGTGAGGG
TTGAAAAAGACGGTGGTTCTGGAGGCGTTTCTTCTGTTCCGACCAATCTGGAAGTTGTTGCTGCGACCCCGAC
TAGCCTGCTGATCAGCTGGGATGCGTATAGGGAGCTTCCGGTTAGTTATTACCGTATCACGTACGGTGAAACA
GGTGGTAACTCCCCGGTTCAGGAGTTCACTGTACCTGGTTCCAAGTCTACTGCTACCATCAGCGGCCTGAAAC
CGGGTGTCGACTATACCATCACTGTATACGCACATTACAACTACCATTACTACTCTAGCCCAATCTCGATTAA
CTACCGTACCTCTAGACCCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

>pOVC1_MxCarH-CBD_X ACCATGGCCACCGGTCCACACGCAGAGACTTGGAGGGAATCTATGCTTGCCGCCACACAAGCCTACGACCAGC
CTAGAGTATCAGATGTACTGGATGAGGTCCTTGCGGCTCTGCCCCCTCTGAAGGCCTTCGATGAAGTGCTGGC
CCCTTTGCTGTGCGATGTCGGAGAGCGGTGGGAGAGCGGAACCCTGACAGTTGCGCAGGAACATCTGGTCTCA
CAGATGGTGCGCGCCCGGCTGGTGAGTCTGCTGCACGCGGCACCATTGGGACGCCACAGACATGGCGTTCTCG
CCTGTTTCCCAGAGGAGGAGCATGAGATGGGCTTGCTTGGTGCCGCCTTGAGACTCCGCCATCTCGGCGTTAG
AGTAACCCTGCTCGGCCAGCGAGTGCCAGCCGAGGACCTCGGGCGAGCAGTGTTGGCCCTGCGCCCGGACTTC
GTGGGCCTGTCAACAGTTGCAAGCAGGAGCGCAGAGGACTTCGAGGATACCTTGACCCGACTCCGCCAGGCCC
TGCCAAGGGGCCTCCCTGTATGGGTGGGCGGGGCAGCCGCAAGGTCTCATCAGGCCGTGTGCGAGCGCCTGGC
AGTCCATGTTTTTCAGGGCGAAGAAGATTGGGATAGACTTGCCGGAACACCCGGTGAATTCTCAGGCTCTGGA
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TCCCCCGGGTAA 

>pOVC1_TtCarH-CBD_X ACCATGGCCACCGGTCCCGAGGACCTCGGCACCGGACTCCTCGAAGCACTCTTGAGAGGAGATTTGGCCGGCG
CCGAGGCTCTCTTTCGACGGGGGCTTAGGTTTTGGGGACCCGAGGGTATTCTGGAGCACCTGCTCCTGCCTGT
GCTTCGGGAGGTGGGAGAAGCCTGGCATCGCGGCGAGATCGGTGTGGCCGAGGAGCATCTGGCATCCACATTT
CTGCGCGCGAGACTGCAGGAGCTGCTCGACCTCGCCGGGTTCCCACCTGGCCCCCCCGTGCTGGTAACCACGC
CACCAGGGGAGAGGCACGAGATCGGCGCAATGTTGGCTGCCTATCACCTGCGAAGGAAGGGCGTGCCAGCGCT
GTACTTGGGACCAGACACCCCCCTCCCCGATCTCAGAGCACTTGCGAGACGGCTCGGAGCCGGAGCGGTGGTT
CTGTCAGCTTTGCTTTCCGAGCCTCTCAGGGCGTTGCCAGACGGCGCACTGAAAGACTTGGCACCTCGGGTGT
TCCTGGGAGGGCAAGGAGCCGGCCCTGAAGAGGCCCGACGGCTCGGGGCCGAGTACATGGAAGATCTGAAGGG
ATTGGCCGAAGCACTGTGGCTTCCAAGAGGACCAGAGAAAGAAGCAATCCCCGGTGAATTCTCAGGCTCTGGA
TCCCCCGGGTAA 

>pOVC1_AtCRY2-PHR_X ACCATGGCCACCGGTAAGATGGACAAGAAAACCATAGTCTGGTTTCGCCGCGATTTGAGGATAGAGGATAACC
CTGCGTTGGCCGCAGCGGCCCACGAAGGCAGCGTGTTCCCCGTGTTCATATGGTGCCCAGAGGAGGAAGGCCA
GTTCTACCCAGGTCGCGCTAGTCGCTGGTGGATGAAACAGTCTCTCGCACATCTCTCCCAATCTTTGAAAGCT
CTCGGGTCTGACCTTACGCTGATTAAGACCCACAATACTATTAGTGCAATCTTGGACTGCATCCGCGTTACCG
GCGCGACCAAAGTGGTGTTTAATCATCTGTATGACCCGGTAAGTCTGGTACGCGACCATACAGTTAAGGAGAA
GTTGGTTGAAAGGGGAATTTCAGTACAGAGTTATAATGGAGACCTCCTCTACGAACCTTGGGAAATATACTGT
GAGAAGGGAAAGCCATTTACATCATTTAACTCATACTGGAAAAAGTGTCTTGACATGAGCATAGAGTCTGTCA
TGTTGCCCCCGCCGTGGCGGCTTATGCCCATCACCGCGGCCGCCGAAGCTATCTGGGCGTGTAGTATTGAAGA
ACTTGGCTTGGAGAACGAAGCAGAAAAACCTAGCAATGCACTGTTGACGCGCGCCTGGTCCCCTGGGTGGAGT
AACGCAGATAAATTGCTTAACGAGTTCATCGAAAAGCAACTTATCGACTACGCTAAGAATAGCAAAAAAGTGG
TGGGCAATTCAACCTCCCTCCTGTCTCCGTACTTGCATTTCGGCGAGATTAGCGTGCGGCACGTCTTCCAATG
CGCCCGAATGAAACAAATAATCTGGGCGCGGGATAAAAACAGTGAGGGTGAAGAAAGCGCAGACTTGTTCCTC
CGAGGAATCGGTCTGCGAGAATATAGTCGCTACATTTGTTTCAATTTTCCCTTTACGCATGAGCAGAGCCTCC
TTAGTCACTTGCGATTCTTTCCTTGGGACGCAGATGTTGACAAATTTAAAGCATGGCGGCAAGGTAGAACAGG
CTACCCATTGGTAGATGCGGGTATGCGAGAACTCTGGGCCACGGGGTGGATGCATAACCGAATCAGGGTAATA
GTAAGTAGTTTCGCAGTTAAGTTTCTTTTGCTTCCATGGAAGTGGGGGATGAAGTATTTCTGGGACACTTTGC
TCGATGCGGATCTTGAATGCGATATATTGGGTTGGCAATATATTTCCGGGTCAATCCCTGACGGCCATGAGCT
GGACAGATTGGACAATCCTGCGCTCCAGGGTGCGAAATACGATCCCGAAGGTGAATACATTAGACAATGGCTT
CCAGAACTTGCCAGGTTGCCCACGGAATGGATTCACCACCCATGGGACGCCCCTCTTACGGTTTTGAAGGCGA
GTGGTGTGGAGCTCGGTACCAATTACGCAAAACCGATTGTTGACATTGATACCGCGCGGGAGTTGCTGGCTAA
AGCCATTTCACGAACCCGGAAAGCCCAAATCATGATTGGTGCTGCACCCGGTGAATTCTCAGGCTCTGGATCC
CCCGGGTAA 

>pOVC1_AtCIB_X ACCATGGCCACCGGTAATGGAGCTATAGGAGGTGACCTTTTGCTCAATTTTCCTGACATGTCGGTCCTAGAGC
GCCAAAGGGCTCACCTCAAGTACCTCAATCCCACCTTTGATTCTCCTCTCGCCGGCTTCTTTGCCGATTCTTC
AATGATTACCGGCGGCGAGATGGACAGCTATCTTTCGACTGCCGGTTTGAATCTTCCGATGATGTACGGTGAG
ACGACGGTGGAAGGTGATTCAAGACTCTCAATTTCGCCGGAAACGACGCTTGGGACTGGAAATTTCAAGGCAG
CGAAGTTTGATACAGAGACTAAGGATTGTAATGAGGCGGCGAAGAAGATGACGATGAACAGAGATGACCTAGT
AGAAGAAGGAGAAGAAGAGAAGTCGAAAATAACAGAGCAAAACAATGGGAGCACAAAAAGCATCAAGAAGATG
AAACACAAAGCCAAGAAAGAAGAGAACAATTTCTCTAATGATTCATCTAAAGTGACGAAGGAATTGGAGAAAA
CGGATTATATTCATACCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

>pOVC1_AtPIF6_X ACCATGGCCACCGGTATGATGTTCTTACCAACCGATTATTGTTGCAGGTTAAGCGATCAAGAGTATATGGAGC
TTGTGTTTGAGAATGGCCAGATTCTTGCAAAGGGCCAAAGATCCAACGTTTCTCTGCATAATCAACGTACCAA
ATCGATCATGGATTTGTATGAGGCAGAGTATAACGAGGATTTCATGAAGAGTATCATCCATGGTGGTGGTGGT
GCCATCACAAATCTCGGGGACACGCAGGTTGTTCCACAAAGTCATGTTGCTGCTGCCCATGAAACAAACATGT
TGGAAAGCAATAAACATGTTGACCCCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

>pOVC1_AtPHYB-S_X ACCGCCACCGGTATGGTTTCCGGAGTCGGGGGTAGTGGCGGTGGCCGTGGCGGTGGCCGTGGCGGAGAAGAAG
AACCGTCGTCAAGTCACACTCCTAATAACCGAAGAGGAGGAGAACAAGCTCAATCGTCGGGAACGAAATCTCT
CAGACCAAGAAGCAACACTGAATCAATGAGCAAAGCAATTCAACAGTACACCGTCGACGCAAGACTCCACGCC
GTTTTCGAACAATCCGGCGAATCAGGGAAATCATTCGACTACTCACAATCACTCAAAACGACGACGTACGGTT
CCTCTGTACCTGAGCAACAGATCACAGCTTATCTCTCTCGAATCCAGCGAGGTGGTTACATTCAGCCTTTCGG
ATGTATGATCGCCGTCGATGAATCCAGTTTCCGGATCATCGGTTACAGTGAAAACGCCAGAGAAATGTTAGGG
ATTATGCCTCAATCTGTTCCTACTCTTGAGAAACCTGAGATTCTAGCTATGGGAACTGATGTGAGATCTTTGT
TCACTTCTTCGAGCTCGATTCTACTCGAGCGTGCTTTCGTTGCTCGAGAGATTACCTTGTTAAATCCGGTTTG
GATCCATTCCAAGAATACTGGTAAACCGTTTTACGCCATTCTTCATAGGATTGATGTTGGTGTTGTTATTGAT
TTAGAGCCAGCTAGAACTGAAGATCCTGCGCTTTCTATTGCTGGTGCTGTTCAATCGCAGAAACTCGCGGTTC
GTGCGATTTCTCAGTTACAGGCTCTTCCTGGTGGAGATATTAAGCTTTTGTGTGACACTGTCGTGGAAAGTGT
GAGGGACTTGACTGGTTATGATCGTGTTATGGTTTATAAGTTTCATGAAGATGAGCATGGAGAAGTTGTAGCT
GAGAGTAAACGAGATGATTTAGAGCCTTATATTGGACTGCATTATCCTGCTACTGATATTCCTCAAGCGTCAA
GGTTCTTGTTTAAGCAGAACCGTGTCCGAATGATAGTAGATTGCAATGCCACACCTGTTCTTGTGGTCCAGGA
CGATAGGCTAACTCAGTCTATGTGCTTGGTTGGTTCTACTCTTAGGGCTCCTCATGGTTGTCACTCTCAGTAT
ATGGCTAACATGGGATCTATTGCGTCTTTAGCAATGGCGGTTATAATCAATGGAAATGAAGATGATGGGAGCA
ATGTAGCTAGTGGAAGAAGCTCGATGAGGCTTTGGGGTTTGGTTGTTTGCCATCACACTTCTTCTCGCTGCAT
ACCGTTTCCGCTAAGGTATGCTTGTGAGTTTTTGATGCAGGCTTTCGGTTTACAGTTAAACATGGAATTGCAG
TTAGCTTTGCAAATGTCAGAGAAACGCGTTTTGAGAACGCAGACACTGTTATGTGATATGCTTCTGCGTGACT
CGCCTGCTGGAATTGTTACACAGAGTCCCAGTATCATGGACTTAGTGAAATGTGACGGTGCAGCATTTCTTTA
CCACGGGAAGTATTACCCGTTGGGTGTTGCTCCTAGTGAAGTTCAGATAAAAGATGTTGTGGAGTGGTTGCTT
GCGAATCATGCGGATTCAACCGGATTAAGCACTGATAGTTTAGGCGATGCGGGGTATCCCGGTGCAGCTGCGT
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TAGGGGATGCTGTGTGCGGTATGGCAGTTGCATATATCACAAAAAGAGACTTTCTTTTTTGGTTTCGATCTCA
CACTGCGAAAGAAATCAAATGGGGAGGCGCTAAGCATCATCCGGAGGATAAAGATGATGGGCAACGAATGCAT
CCTCGTTCGTCCTTTCAGGCTTTTCTTGAAGTTGTTAAGAGCCGGAGTCAGCCATGGGAAACTGCGGAAATGG
ATGCGATTCACTCGCTCCAGCTTATTCTGAGAGACTCTTTTAAAGAATCTGAGGCGGCTATGAACTCTAAAGT
TGTGGATGGTGTGGTTCAGCCATGTAGGGATATGGCGGGGGAACAGGGGATTGATGAGTTAGGTGCAGTTGCA
AGAGAGATGGTTAGGCTCATTGAGACTGCAACTGTTCCTATATTCGCTGTGGATGCCGGAGGCTGCATCAATG
GATGGAACGCTAAGATTGCAGAGTTGACAGGTCTCTCAGTTGAAGAAGCTATGGGGAAGTCTCTGGTTTCTGA
TTTAATATACAAAGAGAATGAAGCAACTGTCAATAAGCTTCTTTCTCGTGCTTTGAGAGGGGACGAGGAAAAG
AATGTGGAGGTTAAGCTGAAAACTTTCAGCCCCGAACTACAAGGGAAAGCAGTTTTTGTGGTTGTGAATGCTT
GTTCCAGCAAGGACTACTTGAACAACATTGTCGGCGTTTGTTTTGTTGGACAAGACGTTACTAGTCAGAAAAT
CGTAATGGATAAGTTCATCAACATACAAGGAGATTACAAGGCTATTGTACATAGCCCAAACCCTCTAATCCCG
CCAATTTTTGCTGCTGACGAGAACACGTGCTGCCTGGAATGGAACATGGCGATGGAAAAGCTTACGGGTTGGT
CTCGCAGTGAAGTGATTGGGAAAATGATTGTCGGGGAAGTGTTTGGGAGCTGTTGCATGCTAAAGGGTCCTGA
TGCTTTAACCAAGTTCATGATTGTATTGCATAATGCGATTGGTGGCCAAGATACGGATAAGTTCCCTTTCCCA
TTCTTTGACCGCAATGGGAAGTTTGTTCAGGCTCTATTGACTGCAAACAAGCGGGTTAGCCTCGAGGGAAAGG
TTATTGGGGCTTTCTGTTTCTTGCAAATCCCGAGCCCCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

>pOVC1_ScPH1-S_X ACCATGGCCACCGGGGCAACTACTGTTCAACTGTCTGATCAATCTCTGCGTCAACTGGAAACTCTGGCTATCC
ACACCGCGCATCTGATCCAGCCGCACGGTCTGGTAGTCGTCCTGCAAGAACCGGACCTGACCATCAGCCAGAT
CTCTGCGAACTGTACCGGCATCCTGGGCCGTAGCCCGGAAGATCTGCTGGGTCGTACTCTGGGCGAGGTATTC
GATTCTTTTCAGATTGATCCGATCCAGTCTCGTCTGACCGCAGGTCAGATTTCCAGCCTGAACCCGTCCAAGC
TGTGGGCGCGTGTTATGGGTGACGACTTTGTTATTTTCGACGGCGTATTTCATCGTAACTCTGATGGCCTGCT
GGTTTGCGAGCTGGAGCCGGCCTACACTAGCGACAACCTGCCTTTCCTGGGTTTCTACCATATGGCAAACGCG
GCACTGAACCGTCTGCGTCAGCAAGCTAACCTGCGCGACTTCTACGACGTTATCGTTGAGGAAGTGCGCCGCA
TGACGGGTTTCGACCGCGTCATGCTGTACCGTTTTGATGAAAACAACCACGGTGACGTAATCGCGGAGGATAA
GCGTGACGACATGGAGCCGTATCTGGGTCTGCACTACCCGGAAAGCGACATTCCTCAGCCGGCACGTCGCCTG
TTCATTCACAACCCGATCCGTGTTATTCCGGACGTTTACGGCGTTGCTGTTCCGCTGACTCCGGCCGTTAATC
CGTCTACTAACCGTGCAGTTGACCTGACCGAATCCATCCTGCGTTCCGCATACCATTGCCACCTGACCTATCT
GAAGAACATGGGCGTTGGTGCTAGCCTGACGATCTCTCTGATTAAAGATGGTCACCTGTGGGGTCTGATCGCT
TGCCATCACCAGACCCCGAAAGTAATCCCTTTCGAACTGCGTAAAGCCTGCGAATTCTTCGGTCGTGTGGTGT
TCTCTAATATCTCCGCGCAAGAAGACACCGAGACTTTTGACTACCGCGTACAGCTGGCGGAGCATGAAGCGGT
TCTGCTGGACAAAATGACCACCGCGGCAGACTTCGTGGAGGGCCTGACTAACCACCCAGACCGTCTGCTGGGC
CTGACCGGCAGCCAAGGCGCTGCGATTTGTTTCGGCGAGAAACTGATTCTGGTGGGCGAAACCCCAGACGAAA
AGGCGGTGCAATACCTGCTGCAATGGCTGGAGAATCGCGAAGTGCAGGACGTTTTCTTCACTAGCTCTCTGTC
TCAGATCTATCCGGATGCGGTTAACTTCAAAAGCGTGGCGTCCGGCCTGCTGGCTATCCCGATCGCCCGTCAT
AACTTTCTGCTGTGGTTCCGCCCGGAGGTTCTGCAGACCGTTAATTGGGGTGGTGATCCGAATCACGCATACG
AAGCAACCCAAGAAGATGGTAAGATCGAACTGCATCCGCGTCAGTCCTTCGATCTGTGGAAAGAAATTGTTCG
CCTGCAGAGCCTGCCGTGGCAGAGCGTTGAGATCCAGTCTGCCCTGGCTCTGAAGAAAGCAATCGTGAACCTG
ATTCTGCGCCAAGCTGAAGAACCCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTAA 

>pOVC1_X_VfAU1-LOV ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGTCCTGACTACAGTCTCGTGAAGGCTCTGCAAA
TGGCACAACAGAATTTTGTCATTACAGACGCCTCCCTCCCAGACAACCCTATCGTCTACGCCAGTAGAGGGTT
TCTGACACTGACAGGCTATTCTCTCGACCAGATCCTGGGCAGGAACTGCAGGTTTCTGCAAGGGCCAGAAACA
GACCCAAGAGCTGTGGATAAGATCAGGAATGCCATCACCAAAGGCGTTGATACCAGTGTCTGTCTGCTGAATT
ATAGACAGGATGGCACAACCTTCTGGAATCTCTTCTTCGTGGCTGGACTCAGAGATTCTAAGGGCAATATTGT
CAACTACGTCGGAGTGCAGTCAAAGGTGAGCGAAGATTATGCCAAGCTGCTGGTCAACGAGCAGAACATTGAG
TACAAAGGTGTGCGCACCAGTAACATGCTGCGCAGAAAGCCCGGGTAA 

>pOVC1_X_CrPH-LOV1 ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGTGCAGGACTCAGACATACATTTGTGGTGGCTG
ATGCAACACTCCCTGATTGCCCACTGGTCTATGCAAGTGAGGGCTTCTACGCAATGACCGGATATGGACCTGA
CGAAGTGCTGGGTCACAACTGTAGGTTTCTGCAGGGTGAGGGAACTGACCCCAAGGAAGTGCAGAAAATTCGC
GACGCCATCAAGAAGGGTGAGGCTTGTAGTGTGCGCCTCCTGAACTATCGGAAGGACGGCACTCCCTTCTGGA
ACCTGCTGACAGTCACCCCAATTAAAACCCCTGATGGCCGCGTGTCCAAGTTTGTCGGCGTGCAGGTGGATGT
TACCTCCAAGACTGAAGGGAAAGCCCTGGCCCCCGGGTAA 

>pOVC1_X_NcVVD-LOV ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGGCACACTCTCTACGCCCCAGGCGGGTACGATA
TTATGGGCTGGCTGATCCAGATCATGAACAGGCCCAATCCCCAGGTCGAGCTGGGACCCGTGGATACTTCATG
TGCACTGATACTGTGCGACCTGAAGCAGAAGGATACACCTATAGTTTACGCTTCAGAAGCCTTTCTGTACATG
ACAGGGTATTCTAACGCCGAGGTGCTGGGGAGGAACTGTAGGTTCCTCCAGAGTCCCGATGGTATGGTGAAAC
CTAAGAGTACTCGCAAATATGTGGATAGCAATACTATTAACACCATGAGGAAAGCCATCGACAGAAACGCAGA
AGTTCAGGTGGAAGTGGTGAACTTTAAGAAGAACGGCCAGCGGTTCGTGAACTTTCTCACAATGATTCCAGTG
CGGGACGAAACCGGGGAGTACCGGTACAGCATGGGTTTTCAGTGCGAAACCGAACCCGGGTAA 

>pOVC1_X_RsLP-LOV ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGTGCCATGGATCAGAAGCAGTTTGAGAAGATTA
GAGCTGTGTTTGACAGGTCAGGGGTCGCACTGACCCTCGTTGACATGTCCCTGCCAGAGCAACCCCTGGTGCT
CGCCAACCCTCCATTTCTGAGAATGACTGGCTATACTGAGGGCCAGATCCTGGGATTCAACTGCAGATTTCTC
CAGAGAGGCGACGAAAATGCTCAGGCACGGGCTGACATCAGAGATGCCCTCAAGCTCGGAAGGGAGCTCCAGG
TGGTCCTCCGCAATTACAGAGCCAACGATGAACCATTTGACAATCTGCTGTTCCTGCACCCTGTCGGTGGCAG
ACCCGACGCTCCTGACTACTTCCTCGGTTCTCAGTTCGAGCTGGGTAGAAGCGGAAATAGCGAAGAGGCAGCC
GCAGCTGGACACGCAGGGGCACTGACTGGGGAGCTCGCCAGAATAGGAACTGTGGCTGCTCGGCTCGAAATGG
ACAGTCGGAGACATCTGGCACAAGCTGCTGCAGCCCTGGTGAGGGCCTGGGAAAGAAGGGGTCCCGGGTAA 

>pOVC1_X_AsPT1-LOV2- ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGGTTGGCTGCTGCACTTGAACGTATTGAGAAGA
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pep ACTTTGTCATTACTGACCCAAGATTGCCAGATAATCCCATTATATTCGCGTCCGATAGTTTCTTGCAGTTGAC
AGAATATAGCCGTGAAGAAATTTTGGGAAGAAACTGCAGGTTTCTACAAGGTCCTGAAACTGATCGCGCGACA
GTGAGAAAAATTAGAGATGCCATAGATAACCAAACAGAGGTCACTGTTCAGCTGATTAATTATACAAAGAGTG
GTAAAAAGTTCTGGAACCTCTTTCACTTGCAGCCTATGCGAGATCAGAAGGGAGATGTCCAGTACTTTATTGG
GGTTCAGTTGGATGGAACTGAGCATGTCCGAGATGCTGCCGAGAGAGAGGCAGTCATGCTGGCGAAGAAAACT
GCAGAAGAGATTGATAAAGCGGTGGATACCTGGGTGCCCGGGTAA 

>pOVC1_X_HsPDZ1b ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGGCCAGAACTTGGATTTAGCATATCAGGTGGTG
TCGGGGGTAGAGGAAACCCATTCAGACCTGATGATGATGGTATATTTGTAACAAGGGTACAACCTGAAGGACC
AGCATCAAAATTACTGCAGCCAGGTGATAAAATTATTCAGGCTAATGGCTACAGTTTTATAAATATTGAACAT
GGACAAGCAGTGTCCTTGCTAAAAACTTTCCAGAATACAGTTGAACTCATCATTGTACGAGAAGTTGGTAACG
GTGCAAAACAAGAGATTCGAGTGAGGGTTGAAAAAGACGGTGGTTCTGGAGGCGTTTCTTCTGTTCCGACCAA
TCTGGAAGTTGTTGCTGCGACCCCGACTAGCCTGCTGATCAGCTGGGATGCGTATAGGGAGCTTCCGGTTAGT
TATTACCGTATCACGTACGGTGAAACAGGTGGTAACTCCCCGGTTCAGGAGTTCACTGTACCTGGTTCCAAGT
CTACTGCTACCATCAGCGGCCTGAAACCGGGTGTCGACTATACCATCACTGTATACGCACATTACAACTACCA
TTACTACTCTAGCCCAATCTCGATTAACTACCGTACCTCTAGACCCGGGTAA 

>pOVC1_X_AsPT1-LOV2-
EcSsra 

ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGGCTGGCAACCACACTGGAACGGATCGAGAAAA
ATTTCGTGATTACTGATCCGAGACTGCCTGACAACCCAATCATTTTTGCGAGCGATTCCTTCCTGCAGCTGAC
AGAATATTCTCGGGAAGAGATCCTGGGGCGCAATTGCCGTTTTCTGCAGGGACCCGAGACAGACCGTGCCACT
GTTCGGAAAATCAGAGATGCTATTGACAACCAGACTGAAGTGACCGTTCAGCTGATCAATTATACCAAGAGCG
GCAAGAAGTTCTGGAACGTGTTCCACCTGCAGCCGATGCGCGATTATAAGGGCGACGTCCAGTACTTCATTGG
CGTGCAGCTGGATGGCACCGAACGTCTTCATGGCGCCGCTGAGCGTGAGGCGGTCTGCCTGATCAAAAAGACA
GCCTTTCAGATTGCTGAGGCAGCGAACGACGAAAATTACTTTGGACCCGGGTAA 

>pOVC1_X_EcSSPB-micro ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGGAGCTCCCCGAAACGCCCTAAGCTGCTGCGTG
AATATTACGATTGGCTGGTTGATAACAGCTTTACCCCATATCTGGTGGTGGATGCCACATACCTGGGCGTGAA
CGTGCCCGTGGAGTATGTGAAAGACGGTCAGATCGTGCTGAATCTGTCTGCAAGTGCGACCGGCAACCTGCAA
CTGACAAATGATTTTATCCAGTTCAACGCCCAGTTTAAGGGCGTGTCTCGTGAACTGTATATCCCGATGGGTG
CCGCTCTGGCCATTTACGCTCGCGAGAACGGCGATGGTGTGATGTTCGAACCAGAAGAAATCTATGACGAGCT
GAATATTGGTCCCGGGTAA 

>pOVC1_X_EcSSPB-nano ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGGAGCTCCCCGAAACGCCCTAAGCTGCTGCGTG
AATATTACGATTGGCTGGTTGATAACAGCTTTACCCCATATCTGGTGGTGGATGCCACATACCTGGGCGTGAA
CGTGCCCGTGGAGTATGTGAAAGACGGTCAGATCGTGCTGAATCTGTCTGCAAGTGCGACCGGCAACCTGCAA
CTGACAAATGATTTTATCCAGTTCAACGCCCGCTTTAAGGGCGTGTCTCGTGAACTGTATATCCCGATGGGTG
CCGCTCTGGCCATTTACGCTCGCGAGAACGGCGATGGTGTGATGTTCGAACCAGAAGAAATCTATGACGAGCT
GAATATTGGTCCCGGGTAA 

pOVC1_X_MxCarH-CBD >ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGTCCACACGCAGAGACTTGGAGGGAATCTATG
CTTGCCGCCACACAAGCCTACGACCAGCCTAGAGTATCAGATGTACTGGATGAGGTCCTTGCGGCTCTGCCCC
CTCTGAAGGCCTTCGATGAAGTGCTGGCCCCTTTGCTGTGCGATGTCGGAGAGCGGTGGGAGAGCGGAACCCT
GACAGTTGCGCAGGAACATCTGGTCTCACAGATGGTGCGCGCCCGGCTGGTGAGTCTGCTGCACGCGGCACCA
TTGGGACGCCACAGACATGGCGTTCTCGCCTGTTTCCCAGAGGAGGAGCATGAGATGGGCTTGCTTGGTGCCG
CCTTGAGACTCCGCCATCTCGGCGTTAGAGTAACCCTGCTCGGCCAGCGAGTGCCAGCCGAGGACCTCGGGCG
AGCAGTGTTGGCCCTGCGCCCGGACTTCGTGGGCCTGTCAACAGTTGCAAGCAGGAGCGCAGAGGACTTCGAG
GATACCTTGACCCGACTCCGCCAGGCCCTGCCAAGGGGCCTCCCTGTATGGGTGGGCGGGGCAGCCGCAAGGT
CTCATCAGGCCGTGTGCGAGCGCCTGGCAGTCCATGTTTTTCAGGGCGAAGAAGATTGGGATAGACTTGCCGG
AACACCCGGGTAA 

>pOVC1_X_TtCarH-CBD ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGTCCCGAGGACCTCGGCACCGGACTCCTCGAAG
CACTCTTGAGAGGAGATTTGGCCGGCGCCGAGGCTCTCTTTCGACGGGGGCTTAGGTTTTGGGGACCCGAGGG
TATTCTGGAGCACCTGCTCCTGCCTGTGCTTCGGGAGGTGGGAGAAGCCTGGCATCGCGGCGAGATCGGTGTG
GCCGAGGAGCATCTGGCATCCACATTTCTGCGCGCGAGACTGCAGGAGCTGCTCGACCTCGCCGGGTTCCCAC
CTGGCCCCCCCGTGCTGGTAACCACGCCACCAGGGGAGAGGCACGAGATCGGCGCAATGTTGGCTGCCTATCA
CCTGCGAAGGAAGGGCGTGCCAGCGCTGTACTTGGGACCAGACACCCCCCTCCCCGATCTCAGAGCACTTGCG
AGACGGCTCGGAGCCGGAGCGGTGGTTCTGTCAGCTTTGCTTTCCGAGCCTCTCAGGGCGTTGCCAGACGGCG
CACTGAAAGACTTGGCACCTCGGGTGTTCCTGGGAGGGCAAGGAGCCGGCCCTGAAGAGGCCCGACGGCTCGG
GGCCGAGTACATGGAAGATCTGAAGGGATTGGCCGAAGCACTGTGGCTTCCAAGAGGACCAGAGAAAGAAGCA
ATCCCCGGGTAA 

>pOVC1_X_AtCRY2-PHR ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGTAAGATGGACAAGAAAACCATAGTCTGGTTTC
GCCGCGATTTGAGGATAGAGGATAACCCTGCGTTGGCCGCAGCGGCCCACGAAGGCAGCGTGTTCCCCGTGTT
CATATGGTGCCCAGAGGAGGAAGGCCAGTTCTACCCAGGTCGCGCTAGTCGCTGGTGGATGAAACAGTCTCTC
GCACATCTCTCCCAATCTTTGAAAGCTCTCGGGTCTGACCTTACGCTGATTAAGACCCACAATACTATTAGTG
CAATCTTGGACTGCATCCGCGTTACCGGCGCGACCAAAGTGGTGTTTAATCATCTGTATGACCCGGTAAGTCT
GGTACGCGACCATACAGTTAAGGAGAAGTTGGTTGAAAGGGGAATTTCAGTACAGAGTTATAATGGAGACCTC
CTCTACGAACCTTGGGAAATATACTGTGAGAAGGGAAAGCCATTTACATCATTTAACTCATACTGGAAAAAGT
GTCTTGACATGAGCATAGAGTCTGTCATGTTGCCCCCGCCGTGGCGGCTTATGCCCATCACCGCGGCCGCCGA
AGCTATCTGGGCGTGTAGTATTGAAGAACTTGGCTTGGAGAACGAAGCAGAAAAACCTAGCAATGCACTGTTG
ACGCGCGCCTGGTCCCCTGGGTGGAGTAACGCAGATAAATTGCTTAACGAGTTCATCGAAAAGCAACTTATCG
ACTACGCTAAGAATAGCAAAAAAGTGGTGGGCAATTCAACCTCCCTCCTGTCTCCGTACTTGCATTTCGGCGA
GATTAGCGTGCGGCACGTCTTCCAATGCGCCCGAATGAAACAAATAATCTGGGCGCGGGATAAAAACAGTGAG
GGTGAAGAAAGCGCAGACTTGTTCCTCCGAGGAATCGGTCTGCGAGAATATAGTCGCTACATTTGTTTCAATT
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TTCCCTTTACGCATGAGCAGAGCCTCCTTAGTCACTTGCGATTCTTTCCTTGGGACGCAGATGTTGACAAATT
TAAAGCATGGCGGCAAGGTAGAACAGGCTACCCATTGGTAGATGCGGGTATGCGAGAACTCTGGGCCACGGGG
TGGATGCATAACCGAATCAGGGTAATAGTAAGTAGTTTCGCAGTTAAGTTTCTTTTGCTTCCATGGAAGTGGG
GGATGAAGTATTTCTGGGACACTTTGCTCGATGCGGATCTTGAATGCGATATATTGGGTTGGCAATATATTTC
CGGGTCAATCCCTGACGGCCATGAGCTGGACAGATTGGACAATCCTGCGCTCCAGGGTGCGAAATACGATCCC
GAAGGTGAATACATTAGACAATGGCTTCCAGAACTTGCCAGGTTGCCCACGGAATGGATTCACCACCCATGGG
ACGCCCCTCTTACGGTTTTGAAGGCGAGTGGTGTGGAGCTCGGTACCAATTACGCAAAACCGATTGTTGACAT
TGATACCGCGCGGGAGTTGCTGGCTAAAGCCATTTCACGAACCCGGAAAGCCCAAATCATGATTGGTGCTGCA
ACCGGGTAA 

>pOVC1_X_AtPIF6 ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGTATGATGTTCTTACCAACCGATTATTGTTGCA
GGTTAAGCGATCAAGAGTATATGGAGCTTGTGTTTGAGAATGGCCAGATTCTTGCAAAGGGCCAAAGATCCAA
CGTTTCTCTGCATAATCAACGTACCAAATCGATCATGGATTTGTATGAGGCAGAGTATAACGAGGATTTCATG
AAGAGTATCATCCATGGTGGTGGTGGTGCCATCACAAATCTCGGGGACACGCAGGTTGTTCCACAAAGTCATG
TTGCTGCTGCCCATGAAACAAACATGTTGGAAAGCAATAAACATGTTGACCCCGGGTAA 

>pOVC1_X_ScPH1-S ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGGGCAACTACTGTTCAACTGTCTGATCAATCTC
TGCGTCAACTGGAAACTCTGGCTATCCACACCGCGCATCTGATCCAGCCGCACGGTCTGGTAGTCGTCCTGCA
AGAACCGGACCTGACCATCAGCCAGATCTCTGCGAACTGTACCGGCATCCTGGGCCGTAGCCCGGAAGATCTG
CTGGGTCGTACTCTGGGCGAGGTATTCGATTCTTTTCAGATTGATCCGATCCAGTCTCGTCTGACCGCAGGTC
AGATTTCCAGCCTGAACCCGTCCAAGCTGTGGGCGCGTGTTATGGGTGACGACTTTGTTATTTTCGACGGCGT
ATTTCATCGTAACTCTGATGGCCTGCTGGTTTGCGAGCTGGAGCCGGCCTACACTAGCGACAACCTGCCTTTC
CTGGGTTTCTACCATATGGCAAACGCGGCACTGAACCGTCTGCGTCAGCAAGCTAACCTGCGCGACTTCTACG
ACGTTATCGTTGAGGAAGTGCGCCGCATGACGGGTTTCGACCGCGTCATGCTGTACCGTTTTGATGAAAACAA
CCACGGTGACGTAATCGCGGAGGATAAGCGTGACGACATGGAGCCGTATCTGGGTCTGCACTACCCGGAAAGC
GACATTCCTCAGCCGGCACGTCGCCTGTTCATTCACAACCCGATCCGTGTTATTCCGGACGTTTACGGCGTTG
CTGTTCCGCTGACTCCGGCCGTTAATCCGTCTACTAACCGTGCAGTTGACCTGACCGAATCCATCCTGCGTTC
CGCATACCATTGCCACCTGACCTATCTGAAGAACATGGGCGTTGGTGCTAGCCTGACGATCTCTCTGATTAAA
GATGGTCACCTGTGGGGTCTGATCGCTTGCCATCACCAGACCCCGAAAGTAATCCCTTTCGAACTGCGTAAAG
CCTGCGAATTCTTCGGTCGTGTGGTGTTCTCTAATATCTCCGCGCAAGAAGACACCGAGACTTTTGACTACCG
CGTACAGCTGGCGGAGCATGAAGCGGTTCTGCTGGACAAAATGACCACCGCGGCAGACTTCGTGGAGGGCCTG
ACTAACCACCCAGACCGTCTGCTGGGCCTGACCGGCAGCCAAGGCGCTGCGATTTGTTTCGGCGAGAAACTGA
TTCTGGTGGGCGAAACCCCAGACGAAAAGGCGGTGCAATACCTGCTGCAATGGCTGGAGAATCGCGAAGTGCA
GGACGTTTTCTTCACTAGCTCTCTGTCTCAGATCTATCCGGATGCGGTTAACTTCAAAAGCGTGGCGTCCGGC
CTGCTGGCTATCCCGATCGCCCGTCATAACTTTCTGCTGTGGTTCCGCCCGGAGGTTCTGCAGACCGTTAATT
GGGGTGGTGATCCGAATCACGCATACGAAGCAACCCAAGAAGATGGTAAGATCGAACTGCATCCGCGTCAGTC
CTTCGATCTGTGGAAAGAAATTGTTCGCCTGCAGAGCCTGCCGTGGCAGAGCGTTGAGATCCAGTCTGCCCTG
GCTCTGAAGAAAGCAATCGTGAACCTGATTCTGCGCCAAGCTGAAGAACCCGGGTAA 

>pOVC1_X_AtCIB ACCATGGCCACCGGTGAATTCTCAGGCTCTGGATCCCCCGGTAATGGAGCTATAGGAGGTGACCTTTTGCTCA
ATTTTCCTGACATGTCGGTCCTAGAGCGCCAAAGGGCTCACCTCAAGTACCTCAATCCCACCTTTGATTCTCC
TCTCGCCGGCTTCTTTGCCGATTCTTCAATGATTACCGGCGGCGAGATGGACAGCTATCTTTCGACTGCCGGT
TTGAATCTTCCGATGATGTACGGTGAGACGACGGTGGAAGGTGATTCAAGACTCTCAATTTCGCCGGAAACGA
CGCTTGGGACTGGAAATTTCAAGGCAGCGAAGTTTGATACAGAGACTAAGGATTGTAATGAGGCGGCGAAGAA
GATGACGATGAACAGAGATGACCTAGTAGAAGAAGGAGAAGAAGAGAAGTCGAAAATAACAGAGCAAAACAAT
GGGAGCACAAAAAGCATCAAGAAGATGAAACACAAAGCCAAGAAAGAAGAGAACAATTTCTCTAATGATTCAT
CTAAAGTGACGAAGGAATTGGAGAAAACGGATTATATTCATCCCGGGTAA 
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Supplementary Table 6. Nucleotide sequences for Opto-casp9 constructs. Green: site 60 

A, blue: site B, red: site C. The genes are available through Addgene.org. 61 

Name Sequence 

>pOVC1_VfAU1-
LOV_casp9 

ACCATGGCCACCGGTCCTGACTACAGTCTCGTGAAGGCTCTGCAAATGGCACAACAGAATTTTGTCATTACAGACGCCTC
CCTCCCAGACAACCCTATCGTCTACGCCAGTAGAGGGTTTCTGACACTGACAGGCTATTCTCTCGACCAGATCCTGGGCA
GGAACTGCAGGTTTCTGCAAGGGCCAGAAACAGACCCAAGAGCTGTGGATAAGATCAGGAATGCCATCACCAAAGGCGTT
GATACCAGTGTCTGTCTGCTGAATTATAGACAGGATGGCACAACCTTCTGGAATCTCTTCTTCGTGGCTGGACTCAGAGA
TTCTAAGGGCAATATTGTCAACTACGTCGGAGTGCAGTCAAAGGTGAGCGAAGATTATGCCAAGCTGCTGGTCAACGAGC
AGAACATTGAGTACAAAGGTGTGCGCACCAGTAACATGCTGCGCAGAAAGCCCGGTGAATTCTCAGGCTCTGGATCCCCC
GGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAGCATGGAGCCCTG
TGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCTCCAACATCGACT
GTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCCAAGAAAATGGTG
CTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTCTCACGGCTGTCA
GGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGATTGTGAACATCT
TCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGGGAGCAGAAAGAC
CATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGCCACCCCGTTCCA
GGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTGTGTCCTACTCTA
CTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGACATCTTTGAGCAG
TGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGATTTATAAACAGAT
GCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGGTAA 

>pOVC1_CrPH-
LOV1_casp9 

ACCATGGCCACCGGTGCAGGACTCAGACATACATTTGTGGTGGCTGATGCAACACTCCCTGATTGCCCACTGGTCTATGC
AAGTGAGGGCTTCTACGCAATGACCGGATATGGACCTGACGAAGTGCTGGGTCACAACTGTAGGTTTCTGCAGGGTGAGG
GAACTGACCCCAAGGAAGTGCAGAAAATTCGCGACGCCATCAAGAAGGGTGAGGCTTGTAGTGTGCGCCTCCTGAACTAT
CGGAAGGACGGCACTCCCTTCTGGAACCTGCTGACAGTCACCCCAATTAAAACCCCTGATGGCCGCGTGTCCAAGTTTGT
CGGCGTGCAGGTGGATGTTACCTCCAAGACTGAAGGGAAAGCCCTGGCCCCCGGTGAATTCTCAGGCTCTGGATCCCCCC
GGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAGCATGGAGCCCTG
TGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCTCCAACATCGACT
GTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCCAAGAAAATGGTG
CTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTCTCACGGCTGTCA
GGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGATTGTGAACATCT
TCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGGGAGCAGAAAGAC
CATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGCCACCCCGTTCCA
GGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTGTGTCCTACTCTA
CTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGACATCTTTGAGCAG
TGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGATTTATAAACAGAT
GCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGGTAA 

>pOVC1_NcVVD-
LOV_casp9 

ACCATGGCCACCGGGCACACTCTCTACGCCCCAGGCGGGTACGATATTATGGGCTGGCTGATCCAGATCATGAACAGGCC
CAATCCCCAGGTCGAGCTGGGACCCGTGGATACTTCATGTGCACTGATACTGTGCGACCTGAAGCAGAAGGATACACCTA
TAGTTTACGCTTCAGAAGCCTTTCTGTACATGACAGGGTATTCTAACGCCGAGGTGCTGGGGAGGAACTGTAGGTTCCTC
CAGAGTCCCGATGGTATGGTGAAACCTAAGAGTACTCGCAAATATGTGGATAGCAATACTATTAACACCATGAGGAAAGC
CATCGACAGAAACGCAGAAGTTCAGGTGGAAGTGGTGAACTTTAAGAAGAACGGCCAGCGGTTCGTGAACTTTCTCACAA
TGATTCCAGTGCGGGACGAAACCGGGGAGTACCGGTACAGCATGGGTTTTCAGTGCGAAACCGAACCCGGTGAATTCTCA
GGCTCTGGATCCCCCGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAG
CATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCT
CCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCC
AAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTC
TCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGA
TTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGG
GAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGC
CACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTG
TGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGAC
ATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGAT
TTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCAGGGTAA 

>pOVC1_RsLP-
LOV_casp9 

ACCATGGCCACCGGTGCCATGGATCAGAAGCAGTTTGAGAAGATTAGAGCTGTGTTTGACAGGTCAGGGGTCGCACTGAC
CCTCGTTGACATGTCCCTGCCAGAGCAACCCCTGGTGCTCGCCAACCCTCCATTTCTGAGAATGACTGGCTATACTGAGG
GCCAGATCCTGGGATTCAACTGCAGATTTCTCCAGAGAGGCGACGAAAATGCTCAGGCACGGGCTGACATCAGAGATGCC
CTCAAGCTCGGAAGGGAGCTCCAGGTGGTCCTCCGCAATTACAGAGCCAACGATGAACCATTTGACAATCTGCTGTTCCT
GCACCCTGTCGGTGGCAGACCCGACGCTCCTGACTACTTCCTCGGTTCTCAGTTCGAGCTGGGTAGAAGCGGAAATAGCG
AAGAGGCAGCCGCAGCTGGACACGCAGGGGCACTGACTGGGGAGCTCGCCAGAATAGGAACTGTGGCTGCTCGGCTCGAA
ATGGACAGTCGGAGACATCTGGCACAAGCTGCTGCAGCCCTGGTGAGGGCCTGGGAAAGAAGGGGTCCCGGTGAATTCTC
AGGCTCTGGATCCCCCGGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCC
TGAGCATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACT
GGCTCCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGAC
TGCCAAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTC
TCTCTCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAG
AAGATTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGG
TGGGGAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAG
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ATGCCACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATC
TTTGTGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGA
CGACATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAG
GGATTTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGGTAA 

>pOVC1_AtCRY2-
PHR_casp9 

ACCATGGCCACCGGTAAGATGGACAAGAAAACCATAGTCTGGTTTCGCCGCGATTTGAGGATAGAGGATAACCCTGCGTT
GGCCGCAGCGGCCCACGAAGGCAGCGTGTTCCCCGTGTTCATATGGTGCCCAGAGGAGGAAGGCCAGTTCTACCCAGGTC
GCGCTAGTCGCTGGTGGATGAAACAGTCTCTCGCACATCTCTCCCAATCTTTGAAAGCTCTCGGGTCTGACCTTACGCTG
ATTAAGACCCACAATACTATTAGTGCAATCTTGGACTGCATCCGCGTTACCGGCGCGACCAAAGTGGTGTTTAATCATCT
GTATGACCCGGTAAGTCTGGTACGCGACCATACAGTTAAGGAGAAGTTGGTTGAAAGGGGAATTTCAGTACAGAGTTATA
ATGGAGACCTCCTCTACGAACCTTGGGAAATATACTGTGAGAAGGGAAAGCCATTTACATCATTTAACTCATACTGGAAA
AAGTGTCTTGACATGAGCATAGAGTCTGTCATGTTGCCCCCGCCGTGGCGGCTTATGCCCATCACCGCGGCCGCCGAAGC
TATCTGGGCGTGTAGTATTGAAGAACTTGGCTTGGAGAACGAAGCAGAAAAACCTAGCAATGCACTGTTGACGCGCGCCT
GGTCCCCTGGGTGGAGTAACGCAGATAAATTGCTTAACGAGTTCATCGAAAAGCAACTTATCGACTACGCTAAGAATAGC
AAAAAAGTGGTGGGCAATTCAACCTCCCTCCTGTCTCCGTACTTGCATTTCGGCGAGATTAGCGTGCGGCACGTCTTCCA
ATGCGCCCGAATGAAACAAATAATCTGGGCGCGGGATAAAAACAGTGAGGGTGAAGAAAGCGCAGACTTGTTCCTCCGAG
GAATCGGTCTGCGAGAATATAGTCGCTACATTTGTTTCAATTTTCCCTTTACGCATGAGCAGAGCCTCCTTAGTCACTTG
CGATTCTTTCCTTGGGACGCAGATGTTGACAAATTTAAAGCATGGCGGCAAGGTAGAACAGGCTACCCATTGGTAGATGC
GGGTATGCGAGAACTCTGGGCCACGGGGTGGATGCATAACCGAATCAGGGTAATAGTAAGTAGTTTCGCAGTTAAGTTTC
TTTTGCTTCCATGGAAGTGGGGGATGAAGTATTTCTGGGACACTTTGCTCGATGCGGATCTTGAATGCGATATATTGGGT
TGGCAATATATTTCCGGGTCAATCCCTGACGGCCATGAGCTGGACAGATTGGACAATCCTGCGCTCCAGGGTGCGAAATA
CGATCCCGAAGGTGAATACATTAGACAATGGCTTCCAGAACTTGCCAGGTTGCCCACGGAATGGATTCACCACCCATGGG
ACGCCCCTCTTACGGTTTTGAAGGCGAGTGGTGTGGAGCTCGGTACCAATTACGCAAAACCGATTGTTGACATTGATACC
GCGCGGGAGTTGCTGGCTAAAGCCATTTCACGAACCCGGAAAGCCCAAATCATGATTGGTGCTGCACCCGGTGAATTCTC
AGGCTCTGGATCCCCCGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGA
GCATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGC
TCCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGC
CAAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCT
CTCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAG
ATTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGG
GGAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATG
CCACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTT
GTGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGA
CATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGA
TTTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCAGGGTAA 

>pOVC1_casp9_Vf
AU1-LOV 

ACCATGGCCACCGGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAG
CATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCT
CCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCC
AAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTC
TCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGA
TTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGG
GAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGC
CACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTG
TGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGAC
ATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGAT
TTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGTGAATTCTCAGGCT
CTGGATCCCCCGGTCCTGACTACAGTCTCGTGAAGGCTCTGCAAATGGCACAACAGAATTTTGTCATTACAGACGCCTCC
CTCCCAGACAACCCTATCGTCTACGCCAGTAGAGGGTTTCTGACACTGACAGGCTATTCTCTCGACCAGATCCTGGGCAG
GAACTGCAGGTTTCTGCAAGGGCCAGAAACAGACCCAAGAGCTGTGGATAAGATCAGGAATGCCATCACCAAAGGCGTTG
ATACCAGTGTCTGTCTGCTGAATTATAGACAGGATGGCACAACCTTCTGGAATCTCTTCTTCGTGGCTGGACTCAGAGAT
TCTAAGGGCAATATTGTCAACTACGTCGGAGTGCAGTCAAAGGTGAGCGAAGATTATGCCAAGCTGCTGGTCAACGAGCA
GAACATTGAGTACAAAGGTGTGCGCACCAGTAACATGCTGCGCAGAAAGCCCGGGTAA 

>pOVC1_casp9_Cr
PH-LOV1 

ACCATGGCCACCGGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAG
CATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCT
CCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCC
AAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTC
TCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGA
TTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGG
GAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGC
CACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTG
TGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGAC
ATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGAT
TTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGTGAATTCTCAGGCT
CTGGATCCCCCGGTGCAGGACTCAGACATACATTTGTGGTGGCTGATGCAACACTCCCTGATTGCCCACTGGTCTATGCA
AGTGAGGGCTTCTACGCAATGACCGGATATGGACCTGACGAAGTGCTGGGTCACAACTGTAGGTTTCTGCAGGGTGAGGG
AACTGACCCCAAGGAAGTGCAGAAAATTCGCGACGCCATCAAGAAGGGTGAGGCTTGTAGTGTGCGCCTCCTGAACTATC
GGAAGGACGGCACTCCCTTCTGGAACCTGCTGACAGTCACCCCAATTAAAACCCCTGATGGCCGCGTGTCCAAGTTTGTC
GGCGTGCAGGTGGATGTTACCTCCAAGACTGAAGGGAAAGCCCTGGCCCCCGGGTAA 

>pOVC1_casp9_Nc
VVD-LOV 

ACCATGGCCACCGGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAG
CATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCT
CCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCC
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AAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTC
TCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGA
TTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGG
GAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGC
CACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTG
TGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGAC
ATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGAT
TTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGTGAATTCTCAGGCT
CTGGATCCCCCGGGCACACTCTCTACGCCCCAGGCGGGTACGATATTATGGGCTGGCTGATCCAGATCATGAACAGGCCC
AATCCCCAGGTCGAGCTGGGACCCGTGGATACTTCATGTGCACTGATACTGTGCGACCTGAAGCAGAAGGATACACCTAT
AGTTTACGCTTCAGAAGCCTTTCTGTACATGACAGGGTATTCTAACGCCGAGGTGCTGGGGAGGAACTGTAGGTTCCTCC
AGAGTCCCGATGGTATGGTGAAACCTAAGAGTACTCGCAAATATGTGGATAGCAATACTATTAACACCATGAGGAAAGCC
ATCGACAGAAACGCAGAAGTTCAGGTGGAAGTGGTGAACTTTAAGAAGAACGGCCAGCGGTTCGTGAACTTTCTCACAAT
GATTCCAGTGCGGGACGAAACCGGGGAGTACCGGTACAGCATGGGTTTTCAGTGCGAAACCGAACCCGGGTAA 

>pOVC1_casp9_Rs
LP-LOV 

ACCATGGCCACCGGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAG
CATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCT
CCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCC
AAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTC
TCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGA
TTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGG
GAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGC
CACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTG
TGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGAC
ATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGAT
TTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGTGAATTCTCAGGCT
CTGGATCCCCCGGTGCCATGGATCAGAAGCAGTTTGAGAAGATTAGAGCTGTGTTTGACAGGTCAGGGGTCGCACTGACC
CTCGTTGACATGTCCCTGCCAGAGCAACCCCTGGTGCTCGCCAACCCTCCATTTCTGAGAATGACTGGCTATACTGAGGG
CCAGATCCTGGGATTCAACTGCAGATTTCTCCAGAGAGGCGACGAAAATGCTCAGGCACGGGCTGACATCAGAGATGCCC
TCAAGCTCGGAAGGGAGCTCCAGGTGGTCCTCCGCAATTACAGAGCCAACGATGAACCATTTGACAATCTGCTGTTCCTG
CACCCTGTCGGTGGCAGACCCGACGCTCCTGACTACTTCCTCGGTTCTCAGTTCGAGCTGGGTAGAAGCGGAAATAGCGA
AGAGGCAGCCGCAGCTGGACACGCAGGGGCACTGACTGGGGAGCTCGCCAGAATAGGAACTGTGGCTGCTCGGCTCGAAA
TGGACAGTCGGAGACATCTGGCACAAGCTGCTGCAGCCCTGGTGAGGGCCTGGGAAAGAAGGGGTCCCGGGTAA 

>pOVC1_casp9_At
CRY2-PHR 

ACCATGGCCACCGGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAG
CATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCT
CCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCC
AAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTC
TCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGA
TTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGG
GAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGC
CACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTG
TGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGAC
ATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGAT
TTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGTGAATTCTCAGGCT
CTGGATCCCCCGGTAAGATGGACAAGAAAACCATAGTCTGGTTTCGCCGCGATTTGAGGATAGAGGATAACCCTGCGTTG
GCCGCAGCGGCCCACGAAGGCAGCGTGTTCCCCGTGTTCATATGGTGCCCAGAGGAGGAAGGCCAGTTCTACCCAGGTCG
CGCTAGTCGCTGGTGGATGAAACAGTCTCTCGCACATCTCTCCCAATCTTTGAAAGCTCTCGGGTCTGACCTTACGCTGA
TTAAGACCCACAATACTATTAGTGCAATCTTGGACTGCATCCGCGTTACCGGCGCGACCAAAGTGGTGTTTAATCATCTG
TATGACCCGGTAAGTCTGGTACGCGACCATACAGTTAAGGAGAAGTTGGTTGAAAGGGGAATTTCAGTACAGAGTTATAA
TGGAGACCTCCTCTACGAACCTTGGGAAATATACTGTGAGAAGGGAAAGCCATTTACATCATTTAACTCATACTGGAAAA
AGTGTCTTGACATGAGCATAGAGTCTGTCATGTTGCCCCCGCCGTGGCGGCTTATGCCCATCACCGCGGCCGCCGAAGCT
ATCTGGGCGTGTAGTATTGAAGAACTTGGCTTGGAGAACGAAGCAGAAAAACCTAGCAATGCACTGTTGACGCGCGCCTG
GTCCCCTGGGTGGAGTAACGCAGATAAATTGCTTAACGAGTTCATCGAAAAGCAACTTATCGACTACGCTAAGAATAGCA
AAAAAGTGGTGGGCAATTCAACCTCCCTCCTGTCTCCGTACTTGCATTTCGGCGAGATTAGCGTGCGGCACGTCTTCCAA
TGCGCCCGAATGAAACAAATAATCTGGGCGCGGGATAAAAACAGTGAGGGTGAAGAAAGCGCAGACTTGTTCCTCCGAGG
AATCGGTCTGCGAGAATATAGTCGCTACATTTGTTTCAATTTTCCCTTTACGCATGAGCAGAGCCTCCTTAGTCACTTGC
GATTCTTTCCTTGGGACGCAGATGTTGACAAATTTAAAGCATGGCGGCAAGGTAGAACAGGCTACCCATTGGTAGATGCG
GGTATGCGAGAACTCTGGGCCACGGGGTGGATGCATAACCGAATCAGGGTAATAGTAAGTAGTTTCGCAGTTAAGTTTCT
TTTGCTTCCATGGAAGTGGGGGATGAAGTATTTCTGGGACACTTTGCTCGATGCGGATCTTGAATGCGATATATTGGGTT
GGCAATATATTTCCGGGTCAATCCCTGACGGCCATGAGCTGGACAGATTGGACAATCCTGCGCTCCAGGGTGCGAAATAC
GATCCCGAAGGTGAATACATTAGACAATGGCTTCCAGAACTTGCCAGGTTGCCCACGGAATGGATTCACCACCCATGGGA
CGCCCCTCTTACGGTTTTGAAGGCGAGTGGTGTGGAGCTCGGTACCAATTACGCAAAACCGATTGTTGACATTGATACCG
CGCGGGAGTTGCTGGCTAAAGCCATTTCACGAACCCGGAAAGCCCAAATCATGATTGGTGCTGCAACCGGGTAA 

>pOVC1_casp9_Hs
FKBP 

ACCATGGCCACCGGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGGCTTACATCCTGAG
CATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGCACCCGCACTGGCT
CCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGGCGACCTGACTGCC
AAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGGTGGTCATTCTCTC
TCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTGTCGGTCGAGAAGA
TTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCAGGCCTGTGGTGGG
GAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACCCCGAGCCAGATGC
CACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCCAGTGACATCTTTG
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TGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGAGACCCTGGACGAC
ATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTTCGGTGAAAGGGAT
TTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGTGAATTCTCAGGCT
CTGGATCCCCCGGTAAACTGGAAGTCGAGGGAGTGCAGGTGGAGACTATCTCCCCAGGAGACGGGCGCACCTTCCCCAAG
CGCGGCCAGACCTGCGTGGTGCACTACACCGGGATGCTTGAAGATGGAAAGAAAGTTGATTCCTCCTGGGACAGAAACAA
GCCCTTTAAGTTTATGCTAGGCAAGCAGGAGGTGATCCGAGGCTGGGAAGAAGGGGTTGCCCAGATGAGTGTGGGTCAGA
GAGCCAAACTGACTATATCTCCAGATTATGCCTATGGTGCCACTGGGCACCCAGGCATCATCCCACCACATGCCACTCTC
GTCTTCGATGTGGAGCTTCTAAAACTGGAATCTGGCGGTACCGGGTAA 

>pOVC1_VfAU1-
LOV-HA-P2a-
myc_casp9 

ACCATGGCCACCGGTCCTGACTACAGTCTCGTGAAGGCTCTGCAAATGGCACAACAGAATTTTGTCATTACAGACGCCTC
CCTCCCAGACAACCCTATCGTCTACGCCAGTAGAGGGTTTCTGACACTGACAGGCTATTCTCTCGACCAGATCCTGGGCA
GGAACTGCAGGTTTCTGCAAGGGCCAGAAACAGACCCAAGAGCTGTGGATAAGATCAGGAATGCCATCACCAAAGGCGTT
GATACCAGTGTCTGTCTGCTGAATTATAGACAGGATGGCACAACCTTCTGGAATCTCTTCTTCGTGGCTGGACTCAGAGA
TTCTAAGGGCAATATTGTCAACTACGTCGGAGTGCAGTCAAAGGTGAGCGAAGATTATGCCAAGCTGCTGGTCAACGAGC
AGAACATTGAGTACAAAGGTGTGCGCACCAGTAACATGCTGCGCAGAAAGCCCGGTGAATTCTACCCATACGATGTTCCA
GATTACGCTGCGACCAACTTTAGCCTGCTGAAACAGGCGGGCGATGTGGAAGAAAACCCGGGCCCGGAACAAAAACTCAT
CTCAGAAGAGGATCTGGGATCCCCCGGGGGATTTGGTGATGTCGGTGCTCTTGAGAGTTTGAGGGGAAATGCAGATTTGG
CTTACATCCTGAGCATGGAGCCCTGTGGCCACTGCCTCATTATCAACAATGTGAACTTCTGCCGTGAGTCCGGGCTCCGC
ACCCGCACTGGCTCCAACATCGACTGTGAGAAGTTGCGGCGTCGCTTCTCCTCGCTGCATTTCATGGTGGAGGTGAAGGG
CGACCTGACTGCCAAGAAAATGGTGCTGGCTTTGCTGGAGCTGGCGCGGCAGGACCACGGTGCTCTGGACTGCTGCGTGG
TGGTCATTCTCTCTCACGGCTGTCAGGCCAGCCACCTGCAGTTCCCAGGGGCTGTCTACGGCACAGATGGATGCCCTGTG
TCGGTCGAGAAGATTGTGAACATCTTCAATGGGACCAGCTGCCCCAGCCTGGGAGGGAAGCCCAAGCTCTTTTTCATCCA
GGCCTGTGGTGGGGAGCAGAAAGACCATGGGTTTGAGGTGGCCTCCACTTCCCCTGAAGACGAGTCCCCTGGCAGTAACC
CCGAGCCAGATGCCACCCCGTTCCAGGAAGGTTTGAGGACCTTCGACCAGCTGGACGCCATATCTAGTTTGCCCACACCC
AGTGACATCTTTGTGTCCTACTCTACTTTCCCAGGTTTTGTTTCCTGGAGGGACCCCAAGAGTGGCTCCTGGTACGTTGA
GACCCTGGACGACATCTTTGAGCAGTGGGCTCACTCTGAAGACCTGCAGTCCCTCCTGCTTAGGGTCGCTAATGCTGTTT
CGGTGAAAGGGATTTATAAACAGATGCCTGGTTGCTTTAATTTCCTCCGGAAAAAACTTTTCTTTAAAACATCACCCGGG
TAA 
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Supplemenatary Figures

FIGURE B.1: Alignment of conserved GPCR motifs by FATCAT2.0.(a) Validation of
correct alignment of E/DRY, CWxP and NPxxY motifs for different alignment methods
(PDB IDs: 6CMO for rho and 3SN6 for β2AR). (b) Conserved motifs analyzed in (a)
visualized in a GPCR structure (PDB ID: 6CMO, rho).
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FIGURE B.2: Procedure for comparison of two alignments. Two alignments are
generated individually (e.g., using MUSCLE and FATCAT2.0) followed by comparison
(here, exemplary sequences are shown). For each alignment and each alignment column,
the residue pair in the format A_B is determined (where A is the number of the residue in
the first sequence that aligns with residue B in the second sequence; e.g. 8_7 is the final
residue pair of both alignments above). The residue_pairs are deposited in lists that are
then compared to derive the percentage of identical pairs (here, shown in green).

FIGURE B.3: Domain boundaries and differences in boundary position across
alignments. (a) Graphical representation of the seven domain boundaries in OptoXRs.
(b) For the domain boundaries proposed by Kim et al. (Kim et al., 2005), no differences
in boundary residues were observed for sequence alignments (MUSCLE) and structure
alignments (FATCAT2.0), with the exception of single amino acid deviations for β1AR
boundary E and F.
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FIGURE B.4: Rho G-protein binding contacts. (a) Contacts were determined as described
in the main text for rho-G-protein complexes (PDB IDs: 6OYA). Contacts are further listed
in Supplementary Table B.2. (b) G-protein contacts (pink) extend upwards on TM helices
less than in the case of β2AR (compare to Fig. 3.2b).

FIGURE B.5: Structure-based alignment and contact assignment.Alignment of Rho and
β2AR structures using FATCAT2.0 (PDB IDs: 6OYA (rho) and 3SN6 (β2AR)). Bold residues:
Contacts determined from analysis of multiple receptors (also see upplementary Table
B.2). Grey: Exchanged residues to generate Opto-β2AR-2.0.
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FIGURE B.6: Characterization of Opto-β2AR-“Loops”.(a) IF of Opto-β2AR-“Loops”
against N-terminal Rho epitope (α-4D2). (b) Expression determined using FC using
the same antibody. (c)Average time course of cAMP production following stimulation of
Opto-β2AR-“Loops” with light (light dose: 4000 flashes, wavelength: 488+/-6 nm). For
(b-c): n=3-9, 3 independent experiments. Data shown as mean ± S.E.M.

FIGURE B.7: Time course of cAMP production after β2AR stimulation. n=9, 3
independent experiments. Data shown as mean ± S.E.M
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FIGURE B.8: β-arrestin2 recruitment assays. (a) Schematic of BRET assay to measure β-
arrestin2 recruitment using Rluc8-tagged receptors. (b) Average time course of β-arrestin2
recruitment after stimulation of β2AR. (c) Dose-dependent β-arrestin2 recruitment
determined by calculating area under the curve (AUC) from (b). (d) Average time course
of b-arrestin2 recruitment after stimulation of Opto-β2AR-2.0 with increasing doses of
light. For all panels: n=6-9, 2-3 independent experiments. Data shown as mean ± S.E.M..

FIGURE B.9: Repeated stimulation of JellyOp Average time course of cAMP production
following repealed stimulation of JellyOp with different doses of light. n=6, 2 independent
experiments. Data shown as mean ± S.E.M.
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Supplementary Tables

TABLE B.1: A comprehensive list of previous OptoXRs with the respective methods
for identification of domain boundaries and alignments. For less common receptors,
the following abbreviations were used: Rho: rhodopsin. SW: short-wavelength opsin.
JellyOP: opsin of the jellyfish Carybdea rastonii. Mel: melanopsin. LW: long-wavelength
opsin.

Reference Chimeric 
receptor 

Domain boundaries identical 
to Kim et al.? 

Alignment method 

Airan 2009 Nature Rho:B2AR 
Rho:A1AR 

Yes Sequence alignment 

Oh 2010 JBC Rho:5-HT1A Yes Sequence alignment 

Ajith Karunarathne 
2013 PNAS 

SW:JellyOp Yes Sequence alignment 

Bailes 2013 PLOSone  Rho:B2AR Yes Sequence alignment 

Barish 2013 EJP Rho:uOR1 Yes (with the exception of one 
residue) 

Sequence alignment 

Gunyadin 2014 Cell  Rho:D1R Yes Sequence alignment 

Xu 2014 PNAS Rho:CXCR4 Yes Sequence alignment 

Siuda 2015 Neuron Rho:MOR Yes (with the exception of one 
residue in ICL2 and two 
residues in ICL3) 

Sequence alignment 

Li 2015 MolPsy Rho:A2AR Chimeric receptor sequence 
not available. 

Unknown 

Van Wyk 2015 PLoS 
Biol 

OPN4:mGluR6 No. The target receptor was a 
Class C GPCR. 

Sequence alignment 

McGregor 2016 
JNeurophys 

OPN4:5-HT2A No. Origin of boundaries 
unclear. 

Sequence alignment 

Hickey 2021 JEB Rho:OPN4 
LW:OPN4 
 
 
 

No. The authors focussed on 
transferring ICLs and thus 
fewer residues than predicted 
using the domain boundaries of 
Kim et al. 

Sequence alignment 
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TABLE B.2: G-protein contacts determined for Rho, β2AR and A2AR. Grey: Receptor
G-protein binding contacts determined within 4 Å of the Gα protein. Note: Residues of
ICL3 are not listed here because they were not resolved in the respective structures used,
but were included in Opto-β2AR-2.0. If available, multiple structures per receptor were
analyzed. PDB identifiers were: Rho: 6CMO, 6OYA. β2AR: 3SN6, 7BZ2. A2AR: 6GDF.
Numbering given in GPCRdb numbering for class A.
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TABLE B.3: Protein sequences of engineered receptors

 
Name Sequence 

>Opto-b2AR-2.0 
 
(Opto-b2AR-All-In) 

MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRTPLNYILL
NLAVADLFMVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVAITSPFKYQSLLTENHA
IMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETNNESFVIYMFVVHFIIPLIVIFFCYGRVFQVA
KRQLQKIDKSEGRFHSPNLGQVEQDGRSGHGLRRSSKFCLKEHKALKTLIIMVIAFLICWLPYAGVAFYIFTHQGSD
FGPIFMTIPAFFAKTSAVYNPVIYIMRSPDFRIAFQELLCLRRSSSKAYGNGYSSNSNGKTDYMGEASGCQLGQEKE
SERLCEDPPGTESFVNCQGTVPSLSLDSQGRNCSTNDSPLL 

>Opto-b2AR-All-Out MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQFERLQTVTNYILL
NLAVADLFMVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVAITSPFKYQSLLTENHA
IMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETNNESFVIYMFVVHFIIPLIVIFFCYGQLVFTV
KEQLQKIDKSEGRFHSPNLGQVEQDGRSGHGLRRSSKFCLKEHKALKTVIIMVIAFLICWLPYAGVAFYIFTHQGSD
FGPIFMTIPAFFAKTSAVYNPVIYIMRSPDFRIAFQELLCLRRSSSKAYGNGYSSNSNGKTDYMGEASGCQLGQEKE
SERLCEDPPGTESFVNCQGTVPSLSLDSQGRNCSTNDSPLL 

>Opto-b2AR-Loops MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRTPLNYILL
NLAVADLFMVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCSPFKYQSLLTENHA
IMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETNNESFVIYMFVVHFIIPLIVIFFCYGQLVFTV
KEAAAQQQEGRFHSPNLGQVEQDGRSGHGLRRSSKFCATTQKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTHQG
SDFGPIFMTIPAFFAKTSAVYNPVIYIMMNKQFRIAFQELLCLRRSSSKAYGNGYSSNSNGKTDYMGEASGCQLGQE
KESERLCEDPPGTESFVNCQGTVPSLSLDSQGRNCSTNDSPLL 

>Opto-b2AR-2.0-R335del MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRTPLNYILL
NLAVADLFMVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVAITSPFKYQSLLTENHA
IMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETNNESFVIYMFVVHFIIPLIVIFFCYGRVFQVA
KRQLQKIDKSEGRFHSPNLGQVEQDGRSGHGLRRSSKFCLKEHKALKTLIIMVIAFLICWLPYAGVAFYIFTHQGSD
FGPIFMTIPAFFAKTSAVYNPVIYIMSPDFRIAFQELLCLRRSSSKAYGNGYSSNSNGKTDYMGEASGCQLGQEKES
ERLCEDPPGTESFVNCQGTVPSLSLDSQGRNCSTNDSPLL 

>Opto-b2AR-2.0-Blue 
-T118A-E122D-A292S 

MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRTPLNYILL
NLAVADLFMVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFAALGGDIALWSLVVLAIERYVAITSPFKYQSLLTENHA
IMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETNNESFVIYMFVVHFIIPLIVIFFCYGRVFQVA
KRQLQKIDKSEGRFHSPNLGQVEQDGRSGHGLRRSSKFCLKEHKALKTLIIMVIAFLICWLPYAGVAFYIFTHQGSD
FGPIFMTIPSFFAKTSAVYNPVIYIMRSPDFRIAFQELLCLRRSSSKAYGNGYSSNSNGKTDYMGEASGCQLGQEKE
SERLCEDPPGTESFVNCQGTVPSLSLDSQGRNCSTNDSPL 

>Opto-A2AR-2.0 MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRTPLNYILL
NLAVADLFMVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVAIRIPLRYNGLVTENHA
IMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETNNESFVIYMFVVHFIIPLIVIFFCYGQIFLAA
RRQLKQMESQPLPGERARSTLQKEVHAAKSLIIMVIAFLICWLPYAGVAFYIFTHQGSDFGPIFMTIPAFFAKTSAV
YNPVIYIMRIREFRQTFRKIIRSHVLRQQEPFKAAGTSARVLAAHGSDGEQVSLRLNGHPPGVWANGSAPHPERRPN
GYALGLVSGGSAQESQGNTGLPDVELLSHELKGVCPEPPGLDDPLAQDGAGVS 
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TABLE B.4: DNA sequences of engineered receptors

 
Name Sequence 

>Opto-b2AR-2.0 
 
(Opto-b2AR-All-In) 

ATGAACGGGACCGAGGGCCCAAACTTCTACGTGCCTTTCTCCAACAAGACGGGCGTGGTGCGCAGCCCCTTCGAGGCCCCG
CAGTACTACCTGGCGGAGCCATGGCAGTTCTCCATGCTGGCCGCCTACATGTTCCTGCTGATCATGCTTGGCTTCCCCATC
AACTTCCTCACGCTGTACGTCACCGTGCAGCATAAAAAACTGCGCACCCCGCTCAACTACATCCTGCTCAACCTGGCCGTG
GCCGACCTCTTCATGGTGTTCGGGGGCTTCACCACCACCCTCTACACCTCTCTGCACGGGTACTTCGTCTTTGGGCCCACG
GGCTGCAACCTGGAGGGCTTCTTTGCCACCTTGGGCGGTGAAATTGCACTGTGGTCCTTGGTGGTCCTGGCCATCGAGCGG
TACGTGGCGATTACATCGCCATTCAAGTACCAGAGCCTGCTGACCGAAAACCATGCCATCATGGGCGTCGCCTTCACCTGG
GTCATGGCTCTGGCCTGTGCCGCGCCCCCCCTCGTCGGCTGGTCCAGGTACATCCCGGAGGGCATGCAGTGCTCGTGCGGG
ATTGACTACTACACGCCCCACGAGGAAACCAACAATGAGTCGTTCGTCATCTACATGTTCGTGGTCCACTTCATCATCCCC
CTGATTGTCATATTCTTCTGCTACGGAAGGGTGTTCCAGGTGGCCAAAAGGCAGCTCCAGAAGATAGACAAATCTGAGGGA
AGATTCCACTCCCCAAACCTCGGCCAGGTGGAGCAGGATGGGCGGAGTGGGCACGGACTCCGAAGGTCCTCCAAGTTCTGC
TTGAAGGAGCACAAAGCCCTCAAAACCCTGATCATCATGGTCATCGCTTTCCTAATCTGCTGGCTGCCCTACGCTGGGGTG
GCGTTCTACATCTTCACCCATCAGGGCTCTGACTTTGGCCCCATCTTCATGACCATCCCGGCTTTCTTTGCCAAGACTTCT
GCCGTCTACAACCCCGTCATCTACATCATGCGCAGCCCGGATTTTCGCATTGCCTTCCAGGAGCTTCTATGCCTCCGCAGG
TCCTCTTCAAAAGCCTATGGGAACGGCTACTCCAGCAACAGTAATGGCAAAACAGACTACATGGGGGAGGCGAGTGGATGT
CAGCTGGGGCAGGAAAAAGAAAGTGAACGGCTGTGTGAGGACCCCCCAGGCACGGAAAGCTTTGTGAACTGTCAAGGTACT
GTGCCTAGCCTTAGCCTTGATTCCCAAGGGAGGAACTGTAGTACAAATGACTCACCGCTGCTGTAA 

>Opto-b2AR-All-Out ATGAACGGGACCGAGGGCCCAAACTTCTACGTGCCTTTCTCCAACAAGACGGGCGTGGTGCGCAGCCCCTTCGAGGCCCCG
CAGTACTACCTGGCGGAGCCATGGCAGTTCTCCATGCTGGCCGCCTACATGTTCCTGCTGATCATGCTTGGCTTCCCCATC
AACTTCCTCACGCTGTACGTCACCGTGCAGTTTGAACGACTGCAAACGGTTACCAACTACATCCTGCTCAACCTGGCCGTG
GCCGACCTCTTCATGGTGTTCGGGGGCTTCACCACCACCCTCTACACCTCTCTGCACGGGTACTTCGTCTTTGGGCCCACG
GGCTGCAACCTGGAGGGCTTCTTTGCCACCTTGGGCGGTGAAATTGCACTGTGGTCCTTGGTGGTCCTGGCCATCGAGCGG
TACGTGGCGATTACATCGCCATTCAAGTACCAGAGCCTGCTGACCGAAAACCATGCCATCATGGGCGTCGCCTTCACCTGG
GTCATGGCTCTGGCCTGTGCCGCGCCCCCCCTCGTCGGCTGGTCCAGGTACATCCCGGAGGGCATGCAGTGCTCGTGCGGG
ATTGACTACTACACGCCCCACGAGGAAACCAACAATGAGTCGTTCGTCATCTACATGTTCGTGGTCCACTTCATCATCCCC
CTGATTGTCATATTCTTCTGCTACGGACAGCTCGTTTTCACCGTAAAGGAACAGCTCCAGAAGATAGACAAATCTGAGGGA
AGATTCCACTCCCCAAACCTCGGCCAGGTGGAGCAGGATGGGCGGAGTGGGCACGGACTCCGAAGGTCCTCCAAGTTCTGC
TTGAAGGAGCACAAAGCCCTCAAAACCGTAATCATCATGGTCATCGCTTTCCTAATCTGCTGGCTGCCCTACGCTGGGGTG
GCGTTCTACATCTTCACCCATCAGGGCTCTGACTTTGGCCCCATCTTCATGACCATCCCGGCTTTCTTTGCCAAGACTTCT
GCCGTCTACAACCCCGTCATCTACATCATGCGCAGCCCGGATTTTCGCATTGCCTTCCAGGAGCTTCTATGCCTCCGCAGG
TCCTCTTCAAAAGCCTATGGGAACGGCTACTCCAGCAACAGTAATGGCAAAACAGACTACATGGGGGAGGCGAGTGGATGT
CAGCTGGGGCAGGAAAAAGAAAGTGAACGGCTGTGTGAGGACCCCCCAGGCACGGAAAGCTTTGTGAACTGTCAAGGTACT
GTGCCTAGCCTTAGCCTTGATTCCCAAGGGAGGAACTGTAGTACAAATGACTCACCGCTGCTGTAA 
  

>Opto-b2AR-Loops ATGAACGGGACCGAGGGCCCAAACTTCTACGTGCCTTTCTCCAACAAGACGGGCGTGGTGCGCAGCCCCTTCGAGGCCCCG
CAGTACTACCTGGCGGAGCCATGGCAGTTCTCCATGCTGGCCGCCTACATGTTCCTGCTGATCATGCTTGGCTTCCCCATC
AACTTCCTCACGCTGTACGTCACCGTGCAGCATAAAAAACTGCGCACCCCGCTCAACTACATCCTGCTCAACCTGGCCGTG
GCCGACCTCTTCATGGTGTTCGGGGGCTTCACCACCACCCTCTACACCTCTCTGCACGGGTACTTCGTCTTTGGGCCCACG
GGCTGCAACCTGGAGGGCTTCTTTGCCACCTTGGGCGGTGAAATTGCACTGTGGTCCTTGGTGGTCCTGGCCATCGAGCGG
TACGTGGTGGTATGCTCGCCATTCAAGTACCAGAGCCTGCTGACCGAAAACCATGCCATCATGGGCGTCGCCTTCACCTGG
GTCATGGCTCTGGCCTGTGCCGCGCCCCCCCTCGTCGGCTGGTCCAGGTACATCCCGGAGGGCATGCAGTGCTCGTGCGGG
ATTGACTACTACACGCCCCACGAGGAAACCAACAATGAGTCGTTCGTCATCTACATGTTCGTGGTCCACTTCATCATCCCC
CTGATTGTCATATTCTTCTGCTACGGACAACTCGTCTTCACGGTAAAGGAAGCCGCTGCCCAGCAGCAAGAGGGGCGATTC
CATTCACCGAATTTGGGCCAGGTGGAACAAGACGGACGGTCTGGGCATGGACTTAGACGATCTTCTAAATTCTGTGCTACT
ACTCAAAAGGCTGAGAAGGAGGTTACAAGGATGGTAATCATCATGGTCATCGCTTTCCTAATCTGCTGGCTGCCCTACGCT
GGGGTGGCGTTCTACATCTTCACCCATCAGGGCTCTGACTTTGGCCCCATCTTCATGACCATCCCGGCTTTCTTTGCCAAG
ACTTCTGCCGTCTACAACCCCGTCATCTACATCATGATGAACAAGCAGTTCCGCATTGCCTTCCAGGAGCTTCTATGCCTC
CGCAGGTCCTCTTCAAAAGCCTATGGGAACGGCTACTCCAGCAACAGTAATGGCAAAACAGACTACATGGGGGAGGCGAGT
GGATGTCAGCTGGGGCAGGAAAAAGAAAGTGAACGGCTGTGTGAGGACCCCCCAGGCACGGAAAGCTTTGTGAACTGTCAA
GGTACTGTGCCTAGCCTTAGCCTTGATTCCCAAGGGAGGAACTGTAGTACAAATGACTCACCGCTGCTGTAA 
  

>Opto-b2AR-2.0 R335del ATGAACGGGACCGAGGGCCCAAACTTCTACGTGCCTTTCTCCAACAAGACGGGCGTGGTGCGCAGCCCCTTCGAGGCCCCG
CAGTACTACCTGGCGGAGCCATGGCAGTTCTCCATGCTGGCCGCCTACATGTTCCTGCTGATCATGCTTGGCTTCCCCATC
AACTTCCTCACGCTGTACGTCACCGTGCAGCATAAAAAACTGCGCACCCCGCTCAACTACATCCTGCTCAACCTGGCCGTG
GCCGACCTCTTCATGGTGTTCGGGGGCTTCACCACCACCCTCTACACCTCTCTGCACGGGTACTTCGTCTTTGGGCCCACG
GGCTGCAACCTGGAGGGCTTCTTTGCCACCTTGGGCGGTGAAATTGCACTGTGGTCCTTGGTGGTCCTGGCCATCGAGCGG
TACGTGGCGATTACATCGCCATTCAAGTACCAGAGCCTGCTGACCGAAAACCATGCCATCATGGGCGTCGCCTTCACCTGG
GTCATGGCTCTGGCCTGTGCCGCGCCCCCCCTCGTCGGCTGGTCCAGGTACATCCCGGAGGGCATGCAGTGCTCGTGCGGG
ATTGACTACTACACGCCCCACGAGGAAACCAACAATGAGTCGTTCGTCATCTACATGTTCGTGGTCCACTTCATCATCCCC
CTGATTGTCATATTCTTCTGCTACGGAAGGGTGTTCCAGGTGGCCAAAAGGCAGCTCCAGAAGATAGACAAATCTGAGGGA
AGATTCCACTCCCCAAACCTCGGCCAGGTGGAGCAGGATGGGCGGAGTGGGCACGGACTCCGAAGGTCCTCCAAGTTCTGC
TTGAAGGAGCACAAAGCCCTCAAAACCCTGATCATCATGGTCATCGCTTTCCTAATCTGCTGGCTGCCCTACGCTGGGGTG
GCGTTCTACATCTTCACCCATCAGGGCTCTGACTTTGGCCCCATCTTCATGACCATCCCGGCTTTCTTTGCCAAGACTTCT
GCCGTCTACAACCCCGTCATCTACATCATGAGCCCGGATTTTCGCATTGCCTTCCAGGAGCTTCTATGCCTCCGCAGGTCC
TCTTCAAAAGCCTATGGGAACGGCTACTCCAGCAACAGTAATGGCAAAACAGACTACATGGGGGAGGCGAGTGGATGTCAG
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CTGGGGCAGGAAAAAGAAAGTGAACGGCTGTGTGAGGACCCCCCAGGCACGGAAAGCTTTGTGAACTGTCAAGGTACTGTG
CCTAGCCTTAGCCTTGATTCCCAAGGGAGGAACTGTAGTACAAATGACTCACCGCTGCTGTAA 
  

>Opto-b2AR-2.0-Blue 
-T118A-E122D-A292S 

ATGAACGGGACCGAGGGCCCAAACTTCTACGTGCCTTTCTCCAACAAGACGGGCGTGGTGCGCAGCCCCTTCGAGGCCCCG
CAGTACTACCTGGCGGAGCCATGGCAGTTCTCCATGCTGGCCGCCTACATGTTCCTGCTGATCATGCTTGGCTTCCCCATC
AACTTCCTCACGCTGTACGTCACCGTGCAGCATAAAAAACTGCGCACCCCGCTCAACTACATCCTGCTCAACCTGGCCGTG
GCCGACCTCTTCATGGTGTTCGGGGGCTTCACCACCACCCTCTACACCTCTCTGCACGGGTACTTCGTCTTTGGGCCCACG
GGCTGCAACCTGGAGGGCTTCTTTGCCgCCTTGGGCGGTGAtATTGCACTGTGGTCCTTGGTGGTCCTGGCCATCGAGCGG
TACGTGGCGATTACATCGCCATTCAAGTACCAGAGCCTGCTGACCGAAAACCATGCCATCATGGGCGTCGCCTTCACCTGG
GTCATGGCTCTGGCCTGTGCCGCGCCCCCCCTCGTCGGCTGGTCCAGGTACATCCCGGAGGGCATGCAGTGCTCGTGCGGG
ATTGACTACTACACGCCCCACGAGGAAACCAACAATGAGTCGTTCGTCATCTACATGTTCGTGGTCCACTTCATCATCCCC
CTGATTGTCATATTCTTCTGCTACGGAAGGGTGTTCCAGGTGGCCAAAAGGCAGCTCCAGAAGATAGACAAATCTGAGGGA
AGATTCCACTCCCCAAACCTCGGCCAGGTGGAGCAGGATGGGCGGAGTGGGCACGGACTCCGAAGGTCCTCCAAGTTCTGC
TTGAAGGAGCACAAAGCCCTCAAAACCCTGATCATCATGGTCATCGCTTTCCTAATCTGCTGGCTGCCCTACGCTGGGGTG
GCGTTCTACATCTTCACCCATCAGGGCTCTGACTTTGGCCCCATCTTCATGACCATCCCGtCTTTCTTTGCCAAGACTTCT
GCCGTCTACAACCCCGTCATCTACATCATGCGCAGCCCGGATTTTCGCATTGCCTTCCAGGAGCTTCTATGCCTCCGCAGG
TCCTCTTCAAAAGCCTATGGGAACGGCTACTCCAGCAACAGTAATGGCAAAACAGACTACATGGGGGAGGCGAGTGGATGT
CAGCTGGGGCAGGAAAAAGAAAGTGAACGGCTGTGTGAGGACCCCCCAGGCACGGAAAGCTTTGTGAACTGTCAAGGTACT
GTGCCTAGCCTTAGCCTTGATTCCCAAGGGAGGAACTGTAGTACAAATGACTCACCGCTGTAA 
  

>Opto-A2AR-2.0 ATGAACGGGACCGAGGGCCCAAACTTCTACGTGCCTTTCTCCAACAAGACGGGCGTGGTGCGCAGCCCCTTCGAGGCCCCG
CAGTACTACCTGGCGGAGCCATGGCAGTTCTCCATGCTGGCCGCCTACATGTTCCTGCTGATCATGCTTGGCTTCCCCATC
AACTTCCTCACGCTGTACGTCACCGTGCAGCATAAAAAACTGCGCACCCCGCTCAACTACATCCTGCTCAACCTGGCCGTG
GCCGACCTCTTCATGGTGTTCGGGGGCTTCACCACCACCCTCTACACCTCTCTGCACGGGTACTTCGTCTTTGGGCCCACG
GGCTGCAACCTGGAGGGCTTCTTTGCCACCTTGGGCGGTGAAATTGCACTGTGGTCCTTGGTGGTCCTGGCCATCGAGCGG
TACGTGGCGATTAGGATACCGCTGCGGTATAACGGGCTTGTTACGGAAAACCATGCCATCATGGGCGTCGCCTTCACCTGG
GTCATGGCTCTGGCCTGTGCCGCGCCCCCCCTCGTCGGCTGGTCCAGGTACATCCCGGAGGGCATGCAGTGCTCGTGCGGG
ATTGACTACTACACGCCCCACGAGGAAACCAACAATGAGTCGTTCGTCATCTACATGTTCGTGGTCCACTTCATCATCCCC
CTGATTGTCATATTCTTCTGCTACGGACAGATATTCCTGGCGGCAAGACGCCAACTGAAGCAGATGGAAAGCCAACCGTTG
CCCGGGGAACGCGCGCGGAGCACCCTTCAAAAAGAAGTCCATGCAGCCAAGAGTCTCATCATCATGGTCATCGCTTTCCTA
ATCTGCTGGCTGCCCTACGCTGGGGTGGCGTTCTACATCTTCACCCATCAGGGCTCTGACTTTGGCCCCATCTTCATGACC
ATCCCGGCTTTCTTTGCCAAGACTTCTGCCGTCTACAACCCCGTCATCTACATCATGCGGATTCGGGAGTTCAGACAGACC
TTTAGAAAAATTATAAGATCTCACGTCCTGAGGCAACAAGAACCCTTTAAAGCTGCGGGGACTTCTGCCCGGATTTTGGCG
GCGCATGGGAGCGATGGTGAACAGGTGTCCCTCAGATTGAACGGGCATCCTCCGGGGGTGTGGGCTAATGGTAGTGCTCCT
CACCCTGAAAGACGACCTAACGGGTACGCACTGGGACTTGTGTCAGGTGGGTCTGCCCAGGAAAGCCAAGGTAACACGGGG
CTTCCTGACGTAGAGTTGTTGTCTCATGAGCTGAAGGGTGTCTGCCCTGAACCTCCTGGTCTGGACGACCCGCTCGCACAG
GATGGAGCAGGTGTTAGTTAA 
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