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Summary

Summary

Optogenetics became successful in neuroscience with Channelrhodopsin-2
(ChR2), a light-gated cation channel from the green alga Chlamydomonas reinhardtii,
as an easy applicable tool. The success of ChR2 inspired the development of various
photosensory proteins as powerful actuators for optogenetic manipulation of biological
activity. However, the current optogenetic toolbox is still not perfect and further
improvements are desirable. In my thesis, I engineered and characterized several
different optogenetic tools with new features.

(1) Although ChR2 is the most often used optogenetic actuator, its single-channel
conductance and its Ca*" permeability are relatively low. ChR2 variants with increased
Ca?" conductance were described recently but a further increase seemed possible. In
addition, the H" conductance of ChR2 may lead to cellular acidification and unintended
pH-related side effects upon prolonged illumination. Through rational design, I
developed several improved ChR2 variants with larger photocurrent, higher cation
selectivity, and lower H' conductance.

(i1) The light-activated inward chloride pump NpHR is a widely used optogenetic
tool for neural silencing. However, pronounced inactivation upon long time
illumination constrains its application for long-lasting neural inhibition. I found that the
deprotonation of the Schiff base underlies the inactivation of NpHR. Through
systematically exploring optimized illumination schemes, I found illumination with
blue light alone could profoundly increase the temporal stability of the NpHR-mediated
photocurrent. A combination of green and violet light eliminates the inactivation effect,
similar to blue light, but leading to a higher photocurrent and therefore better light-
induced inhibition.

(ii1) Photoactivated adenylyl cyclases (PACs) were shown to be useful for light-
manipulation of cellular cAMP levels. 1 developed a convenient in-vitro assay for
soluble PACs that allows their reliable characterization. Comparison of different PACs
revealed that bPAC from Beggiatoa is the best optogenetic tool for ;cAMP manipulation,
due to its high efficiency and small size. However, a residual activity of bPAC in the
dark is unwanted and the cytosolic localization prevents subcellular precise cAMP
manipulation. I therefore introduced point mutations into bPAC to reduce its dark
activity. Interestingly, I found that membrane targeting of bPAC with different linkers

can remarkably alter its activity, in addition to its localization. Taken together, a set of
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PACs with different activity and subcellular localization were engineered for selection
based on the intended usage. The membrane-bound PM-bPAC 2.0 with reduced dark
activity is well-tolerated by hippocampal neurons and reliably evokes a transient
photocurrent, when co-expression with a CNG channel.

(iv) Bidirectional manipulation of cell activity with light of different wavelengths is
of great importance in dissecting neural networks in the brain. Selection of optimal tool
pairs is the first and most important step for dual-color optogenetics. Through N- and
C-terminal modifications, an improved ChR variant (i.e. vf-Chrimson 2.0) was
engineered and selected as the red light-controlled actuator for excitation. Detailed
comparison of three two-component potassium channels, composed of bPAC and the
cAMP-activated potassium channel SthK, revealed the superior properties of SthK-bP.
Combining vf-Chrimson 2.0 and improved SthK-bP “SthK(TV418)-bP” could reliably
induce depolarization by red light and hyperpolarization by blue light. A residual tiny
crosstalk between vf-Chrimson 2.0 and SthK(TV418)-bP, when applying blue light, can
be minimized to a negligible level by applying light pulses or simply lowering the blue
light intensity.
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Zusammenfassung

Die Optogenetik wurde in den Neurowissenschaften mit Channelrhodopsin-2
(ChR2), einem lichtgesteuerten Kationenkanal aus der Griinalge Chlamydomonas
reinhardtii, als leicht anwendbares Werkzeug erfolgreich. Der Erfolg von ChR2
inspirierte  die Entwicklung verschiedener photosensorischer Proteine als
leistungsstarke Aktuatoren fiir die optogenetische Manipulation der biologischen
Aktivitdt. Die derzeitige optogenetische Toolbox ist jedoch immer noch nicht perfekt
und weitere Verbesserungen sind wiinschenswert. In meiner Arbeit habe ich
verschiedene optogenetische Werkzeuge mit neuen Funktionen entwickelt und
charakterisiert.

(1) Obwohl ChR2 der am hiufigsten verwendete optogenetische Aktuator ist, sind
seine Einzelkanal-Leitféhigkeit und seine Ca*>* -Permeabilitit relativ gering. Kiirzlich
wurden ChR2-Varianten mit erhdhter Ca® * -Leitfihigkeit beschrieben, eine weitere
Verbesserung schien jedoch moglich. Dariiber hinaus kann die H'-Leitfihigkeit von
ChR2 bei ldngerer Beleuchtung zu einer Ansduerung der Zellen und zu
unbeabsichtigten Nebenwirkungen im Zusammenhang mit dem pH-Wert fiihren. Durch
rationales Design entwickelte ich mehrere verbesserte ChR2-Varianten mit gro3erem
Photostrom, hoherer Kationenselektivitidt und geringerer H'-Leitfahigkeit.

(i1) Die lichtaktivierte Chloridpumpe NpHR ist ein weit verbreitetes optogenetisches
Werkzeug fiir die neuronale Inhibierung. Eine ausgeprégte Inaktivierung bei lingerer
Beleuchtung schrinkt jedoch die Anwendung fiir eine lang anhaltende neuronale
Hemmung ein. Ich konnte zeigen, dass die Deprotonierung der Schiffschen Base der
Inaktivierung von NpHR zugrunde liegt. Durch die systematische Untersuchung
optimierter Beleuchtungsschemata fand ich heraus, dass die Beleuchtung mit blauem
Licht allein die zeitliche Stabilitdit des NpHR-vermittelten Photostroms erheblich
verbessern kann. Eine Kombination aus griinem und violettem Licht eliminiert den
Inaktivierungseffekt, dhnlich wie blaues Licht, fiihrt jedoch zu einem hoheren
Photostrom und deswegen effektiverer Licht-induzierter Inhibierung.

(ii1) Photoaktivierte Adenylylcyclasen (PACs) erwiesen sich als niitzlich fiir die
Lichtmanipulation der zelluliren cAMP-Spiegel. Ich habe einen praktischen in-vitro-
Test fiir 16sliche PACs entwickelt, der deren zuverlédssige Charakterisierung ermdglicht.
Ein Vergleich verschiedener PACs ergab, dass bPAC von Beggiatoa aufgrund seiner
hohen Effizienz und geringen Gréfe das beste optogenetische Werkzeug fiir die cAMP-
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Manipulation ist. Eine Restaktivitit von bPAC im Dunkeln ist jedoch unerwiinscht und
die cytosolische Lokalisierung verhindert eine subzellulér prazise cAMP-Manipulation.
Ich habe daher Punktmutationen in bPAC eingefiihrt, um dessen Dunkelaktivitit zu
reduzieren. Interessanterweise fanden Ich heraus, dass das Membrantargeting von
bPAC mit verschiedenen ,,Linkern* zusétzlich zu seiner Lokalisierung seine Aktivitat
erheblich verdndern kann. Zusammengenommen wurde eine Reihe von PACs mit
unterschiedlicher Aktivitdt und subzelluldrer Lokalisation fiir unterschiedliche
Anwendungen konstruiert. Das membrangebundene PM-bPAC 2.0 mit reduzierter
Dunkelaktivitit wird von Hippocampus-Neuronen gut vertragen und erlaubt, bei
gleichzeitiger Expression mit einem CNG-Kanal, zuverldssig einen Licht-induzierten
Strom auszulosen.

(iv) Die bidirektionale Manipulation der Zellaktivitdt mit Licht unterschiedlicher
Wellenldnge ist fiir die Dissektion neuronaler Netze im Gehirn von grofer Bedeutung.
Die Auswahl der optimalen Werkzeugpaare ist der erste und wichtigste Schritt fiir die
zweifarbige Optogenetik. Durch N- und C-terminale Modifikationen wurde eine
verbesserte ChR-Variante (d. h. Vf-Chrimson 2.0) entwickelt und als Rotlicht-
gesteuerter Aktuator zur Anregung ausgewahlt. Ein detaillierter Vergleich von drei
Zweikomponenten-Kaliumkanélen, bestehend aus bPAC und dem cAMP-aktivierten
Kaliumkanal SthK, ergab die {iberlegenen Eigenschaften von SthK-bP. Die
Kombination von vf-Chrimson 2.0 und verbessertem SthK-bP ,,SthK(TV418)-
bP*“ konnte =zuverldssig eine Depolarisation durch rotes Licht und eine
Hyperpolarisation durch blaues Licht induzieren. Ein restliches, kleines Ubersprechen
zwischen vf-Chrimson 2.0 und SthK(TV418)-bP kann beim Anlegen von blauem Licht
durch Anlegen von Lichtimpulsen oder durch einfaches Verringern der Intensitdt von

blauem Licht auf ein vernachldssigbares Mall minimiert werden.



Introduction

1. Introduction
1.1 Optogenetics: a revolutionary biotechnology driven by molecular tools

Optogenetics is a recently emerged biological technique that combines genetic
engineering of light sensitive protein into the targeted host cells and light stimulation
for manipulation of the targeted cell activity [1]. The beauty of optogenetics is not just
for its revolutionizing role in neuroscience research, but also as a vivid example of
transformative biotechnology that grows out of interdisciplinary basic research of
microbial rhodopsin, including photobiology, photochemistry and photophysics [2].
Despite originated from the neuroscience field, the impacts of optogenetics have
already been far beyond the scope of neuroscience and extended into a variety of
biological fields, such as cellular signaling study and cardiovascular study.

The concept of optogenetics firstly appeared in 2006 [1]. However, the idea of
using light to control cell activity is not new. In 1979, Nobel laureate Francis Crick
proposed the need of a tool in neural research for selectively control of only one specific
neuron type while leaving others unaltered [3]. In 1999, he further foresaw using light
to control cell activity, writing “One of the next requirements is to be able to turn the
firing of one or more types of neuron on or off in the alert animal in a rapid manner.
The ideal signal would be light, probably at an infrared wavelength to allow the light
to penetrate far enough. This seems rather far-fetched but it is conceivable that
molecular biologists could engineer a particular cell type to be sensitive to light in
this way.” [4]. However, at that time no knowledge or techniques are available to make
neurons light-sensitive. Clearly, as a stimulus, light has unique advantages for cell
activity manipulation: non-invasive, high spatiotemporal resolution etc. Pioneering
efforts in making neurons respond to light starts in 2002. Miesenbdck’s group described
that co-expression of three proteins allows one to control specific neuronal populations
by light [5]. In 2004, a chemical optogenetic approach is invented to silence neurons
[6]. In addition, manipulation of animal behavior via optogenetic activation of specific
neuronal circuits was also firstly reported by in 2005 [7]. However, these approaches
are relatively tricky and difficult to handle.

Discovery of Channelrhodopsins (ChRs), especially ChR2 [8, 9] remarks the true

5
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transformation in this field. In the seminal paper of ChR2 [9], Nagel et al. showed large
light-induced membrane depolarization in Xenopus oocytes and human embryonic
kidney 293 (HEK293) cells after expression of ChR2, and proposed that ChR2 could
be used as a powerful tool to depolarize animal cells by light illumination. Following
this suggestion, a serial of landmarking papers appears in 2005 and 2006, in which,
ChR2 was expressed in various host systems, like hippocampal neurons [10], PC12
cells [11], intact vertebrate spinal cords [12], mice retina [13], as well as living animals
Caenorhabditis elegans [14] and Drosophila larvae [15]. The usage of ChR2 spreads
rapidly throughout neuroscience and other fields for its simplicity, efficiency, and ease
of'use. The success of ChR2 as a depolarization tool further encouraged neuroscientists
to test chloride pump, halorhodopsin (HR) for hyperpolarization of membrane potential
[16, 17]. Aside from neural control, optical control of well-defined biochemical events
was also achieved by introducing natural or engineered photoreceptors as optogenetic
actuators, such as photoactivated adenylyl cyclases (PAC) [18] and optoXRs [19]. To
conclude, efforts in mining and engineering of novel photoreceptors as optogenetic
tools continuously drive the development of optogenetics.

In turn, the success of optogenetics also boosted the interest of photoreceptors
study. Identification and mechanism study of novel photoreceptors will not just deepen
the understanding of their functions in photobiology, but also benefits the optogenetic
tools engineering. In the following, 1 will give brief introductions about some
optogenetic tools, mainly focusing on the ionotropic photoreceptors and enzymatic
photoreceptors.

1.2 Light-driven pump rhodopsins
1.2.1. Light-driven proton pumps

Bacteriorhodopsin (BR) was first identified in the purple membrane of
Halobacterium salinarum by Oesterhelt et al. in 1971 [20] and later was proven to be a
light-driven unidirectionally outward proton pump [21]. In Halobacterium salinarum,
BR pumps protons out of the cell after light irradiation, creating a transmembrane (TM)

proton gradient, which could serve as the force for ATP synthesis or be coupled to other
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transport processes [22, 23]. Extensive biophysical and structural studies of BR have
revealed its ion transport mechanism in great detail, making BR a paradigm for
membrane transporters. Like all microbial rhodopsins, the all-trans retinal (ATR)
molecule is covalently bound to a conserved lysine (K216 in BR) via a Schiff base on
the last TM helix. At rest state, the Schiff base is protonated and stabilized by ionized
counterion residue D85 (Fig. 1.1A). Light illumination converts ATR into /3-cis
configuration at ultrafast speed and leads to the formation of Js25 and Ksoo intermediates.
Then the Ksoo will be transformed to the Lsso intermediate within 2 ps. After several
microseconds, Maio will be reached. Importantly, this step involves the transfer of a
proton from the Schiff base to D85 in the extracellular part (early Maio). Then one
proton is released into periplasm from E194/E204 complex (late Maio) (Fig. 1.1A-B).
To ensure vectorial proton transport, the reprotonation of Schiff base must occur at
cytoplasm. This accessibility switch occurs at Majo: early Ma41o towards the extracellular
side and late Mo towards the cytoplasmic side. Transient deprotonation of D96 moves
its proton to Schiff base and then receives a new proton from the intracellular side (Nse0).
Thermal isomerization of retinal from /3-cis to all-trans leads to the formation of Os40
state. Following proton transfer from protonated D85 to extracellular E194/E204

cluster completes the photocycle and restores BR to the initial state (Fig. 1.1A-B) [24].

B BR
/’ 56“

640 625
N55{ Qo
¥ Hint+
M410 L550
\M _%
410
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Figure 1.1 Proton transport mechanism of BR.

(A) Scheme of proton transport in BR. Blue numbered arrows indicate the sequence of the proton
transfer step. (B) Photocycle of BR. Light illumination starts the photocycle containing a sequential
intermediates J, K, L, M, N, and O with different absorbances. Proton release and uptake are
indicated in the branched arrow. Modified from [24, 25].

BR as an outward proton pump, in principle, could be used as an optogenetic
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actuator for hyperpolarization. As early in 1995, Nagel et al. firstly heterogenous
expressed BR in Xenopus oocyte and demonstrated light-induced membrane currents.
This, as a matter of fact, could be regarded as the beginning of optogenetics [26].
However, the small photocurrent amplitude of BR severely restricted its application.
Later discovered high-performance proton pump archaerhodopsin-3 (Arch) from the
archaeon Halorubrum sodomense is now widely used for the silencing of neural activity

[27].

1.2.2 Light-driven chloride pumps

After a couple of years after the discovery of BR, a new rhodopsin was identified
in a Halobacterium salinarum strain lacking BR and subsequently named
Halorhodopsin (HsHR) [28, 29]. In the beginning, HR was described as a sodium pump
but was later proven to be an inward-directed chloride pump, with the undisputedly
proof from in-vitro reconstituted HR-containing black lipid membranes assay from
Bamberg and colleagues [30-33]. Later discovered HR from an alkalophilic bacterium
Natronomonas pharaonic (NpHR) [34, 35] displays superior properties in comparison
with HsHR. NpHR is easy to express and purify. More importantly, NpHR shows much
better photostability then HsHR upon light illumination [16], which makes NpHR one
of the most popular neural inhibition tools in optogenetics. In the following, I will

introduce the functional and structural characteristics of NpHR.
1.2.2.1 Structure of NpHR

Although NpHR shares 65.7% amino acid (aa) sequence identity with HsHR [36,
37] and exhibits superior properties in expression and purification. The crystal structure
of NpHR was solved 10 years later than the first high-resolution HsHR structure [38,
39]. NpHR shows typical 7 TM architecture with ATR bound to the conserved lysine
residue at the 7" TM helix (Fig. 1.2A). Besides the 7 TM helices, a unique short helix
A’ locates at the N-terminal and forms a hydrophobic cap together with the helices B
and C for separation of the active site and extracellular medium. In the retinal binding
site, the Schiff base interacts with D252 and forms the primary binding site for chloride

ions with the help of two polar groups of T126 and S130 (Fig. 1.2B). How light drives
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chloride transport in NpHR will be detailed in the following.

i @
D
Figure 1.2. Structure and substrate binding site of NpHR.
(A) Overall structure of NpHR (grey) with highlighted N-terminal short helix A’ (grey) and retinal
chromophore (green), modified from PDB 3A7K [39]. (B) Br binding sites in NpHR, adapted from
[40]. Structures are shown in the superimposed form of resting (yellow, subunit B), N (light yellow,
subunit B) and O state (dark green, subunit C) of NpHR structure (PDB 4QRY) [41]. Br is bound
at Site I near to T126 at resting state. Rotation of T126 and 1134 moves Br to transient binding site
1134 in L2 and N state. O state shows similar structure with N state, but Br~ion is bound at binding
site 1.

helix A'

1.2.2.2 Photocycle and chloride pump mechanism of NpHR

Extensive photocycle studies and structural determinations of photo-intermediates
of NpHR led to well understanding of the chloride transport mechanism of NpHR. At
resting state, a chloride ion is bound to the primary binding site (site I) of NpHR near
the Schiff base (Fig. 1.2B & 1.3B). Light illumination triggers a photocycle involving
spectroscopically distinguishable intermediates starting with isomerization of retinal
from all-trans to 13-cis form. Chloride ion translocation from binding site I to binding
site IT occurs at the decay from L? to L* (also named as N in 4QRY). Simultaneously,
inward movement of helix C causes shrinkage of chloride binding site I, and then forms
a cytoplasmic interhelical channel with the help of deform of helix F (Fig. 1.3A-B).
Chloride ion is subsequently released to the cytoplasm during the transition of L* to O
state. From O state, reisomerization of retinal will close the intracellular space and open
the extracellular channel and re-uptake the chloride ion. The following thermal
relaxation fully recovers NpHR to ground state through the last intermediate NpHR’.
Under continuous light illumination condition, this step and the transition from ground

state to K state could be bypassed (Fig. 1.3A) [42, 43]. The accelerated turnover rate
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through the “bypass” photocycle enables relative high photocurrent amplitude of NpHR

under continuous illumination, in turn, makes NpHR the first optogenetic silencer.
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Figure 1.3. Photocycle and intermediates of NpHR.

(A) Photocycle of NpHR with kinetic properties. Straight dash line with arrow indicates “bypass”
photocycle under continuous light illumination. Modified from [40]. (B) Structures of photo-
intermediates of NpHR, modified from [41].

1.2.2.3 Modifying NpHR for improved neural silencing

To effectively inhibit neuron firing, NpHR is required to be highly expressed in
the target cell. However, the original version of NpHR forms toxic aggregates
accumulated in the endoplasmic reticulum (ER) when the expression level is high. To
overcome this subcellular localization problem, an ER export signal peptide (E) was
grafted to the NpHR sequence. The modified NpHR (called eNpHR2.0) displays
increased peak photocurrent and eliminated aggregations [44, 45]. Nevertheless,
eNpHR2.0 still fails to counter strong excitation of neurons. Further modification by
addition of the C-terminal trafficking signal (T) from the potassium ion channel Kir2.1
generated NpHR-TYE (alternative name: eNpHR3.0). This modified version showed
tremendous increased plasma membrane targeting efficiency and substantially
enhanced inhibitory capacity [46], rendering NpHR-TYE one of the most popular
neural inhibitory tools. However, a decline in photocurrents (referred as inactivation)
during continuous illumination at seconds time-scale constrains its efficiency for
sustained silencing. Here in this thesis, I investigated the inactivation of NpHR-TYE
and provided optimized photo-stimulation protocols that enable prolonged suppression

of action potential (AP) on a time-scale of minutes.
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1.2.3 Light-driven sodium pumps

For more than 40 years after the discovery of BR, no light-driven non-proton
cation pump was reported. This absence seems to be reasonable from the chemical point
of view. Almost all microbial rhodopsins are covalently bound to ATR via the
protonated Schiff base in the resting state. The positive charge of the Schiff base exists
on the ion conductive pathway and prevents cation transport. For proton pumps, the
Schiff base proton itself works as the substrate. However, for other cations, electrostatic
repulsion from the protonated Schiff base inhibits the transport. Till 2013, Inoue et al.
reported the first sodium pump KR2 from the marine flavobacterium Krokinobacter
eikastus [47]. Structural analysis of KR2 revealed two slightly different Na"-pumping
mechanisms. But they both proposed that the proton of the Schiff base could be
transiently sequestered by D116, generating neutralized Schiff base in the M state to
allow the transport of Na* [48-50]. Like HR or Arch, KR2 is also expected to function
as an inhibitory optogenetic actuator. However, poor plasma membrane targeting
constrains its application. Through N- and C- terminal modification, Grimm et al.
reported enhanced KR2 (eKR2), which shows enhanced membrane targeting and higher
photocurrents, as well as improved performance in silencing neuronal activity in
cultured mouse hippocampal neurons [51].

1.3. Light-gated ion channels
1.3.1 Discovery of ChR

Although ChR2 is the first introduced optogenetic tool in the microbial rhodopsins.
Its discovery is decades later than BR and HR. The discovery of ChR is from the study
of the swimming behavior of green algae and biophysical investigation of microbial
rhodopsin. Starting from the 1980s, Kenneth Foster firstly postulated that the
photoreceptor for phototactic movement of green algae is rhodopsin by re-analyzing
published action spectra [52, 53]. Importantly, Foster provided the first experimental
evidence of his argument by restoring phototaxis in “blind” Chlamydomonas cells
through addition of retinal [54]. Later on, Hegemann’s group reported the photocurrent
and action spectrum from cell wall deficient Chlamydomonas and showed that this
photoreceptor is also responsible for phototaxis and phobic behaviors. The extremely
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fast rise of photocurrent suggested the ion channel and the rhodopsin are either
intimately linked or within one single protein [55, 56]. Large-scale EST sequencing of
Chlamydomonas reinhardtii finally uncovered the nucleotide sequence of the
rhodopsins now called ChR1 and ChR2, which were independently reported by the
groups of Hegemann, Spudich and Takahashi [57, 58]. However, biochemical
purification of these photoreceptors turned out to be difficult. In 2002 and 2003,
functional expressions and characterizations of ChR1 and ChR2 were finally achieved
in Xenopus oocytes by Nagel et al. [8, 9]. These experiments revealed a completely new
class of rhodopsins with no “pump” activity but functioned as a “channel” (Fig. 1.4A-
C). More importantly, functional expression of ChR2 in Xenopus oocytes and HEK293
cells showed tens of millivolts membrane potential depolarization upon light
stimulation, suggesting that ChR2 could be a powerful tool to depolarize the cell
membrane (Fig. 1.4D) [9]. This remarkable protein paved the way for optogenetic
manipulation of cell activity. Inspired by its success, considerable efforts were drawn
into engineering and identification of new tools for optogenetic application. In the
following, the molecular architecture, the photocurrent propriety, the photocycle, the
ion selectivity, the spectrum properties as well as the engineering efforts of ChRs will

be detailed.

Figure 1.4. Functional discovery of ChRs.
(A) Electrophysiological recording from oocytes expressing ChRs for studying light-induced
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current. (B) Bidirectional photocurrents of ChR1 under potential from —100 mV to +40 mV indicate
the channel function of ChR1. (C) Light-induced currents from ChR2. (D) Blue light induced
depolarization of ChR2 expressing HEK293 cell. Taken from [8, 9, 59].

1.3.2 Molecular architecture of ChR2

Full-length ChR2 consists of a 7 TM helices domain that forms ion channel and a
long C-terminal cytosolic domain with unknown function. Truncation of the cytosol
extension doesn’t affect the channel function of ChR2 [9]. To make it trackable in
optogenetic application, a fluorescent protein is normally fused at the C-terminal of the
channel without affecting the protein function. Seeing is believing. The first structural
information of ChR2 was obtained by a low-resolution (6 A) projection map of
cryogenic electron microscopy (cryo-EM) of two-dimensional crystals, from which, a
dimerized form of ChR2 could be observed [60]. In 2012, Kato et al. solved the first
high resolution (2.3 A) crystal structure of the chimera protein C1C2, consisting of the
first five TM helices of ChR1 and the last two TM helices from ChR2 [61]. This chimera
structure reveals, for the first time, the fundamentals of ChRs architecture: the very
hydrophobic retinal-binding pocket and cation conduction pathway formed by TM
helices 1, 2, 3, and 7 within a monomer molecule. This structure greatly advanced the
understanding of the mechanism of ChR2 and fostered the molecular design of ChRs.
However, C1C2 and ChR2 show certain differences regarding channel properties [62].
As ChR2 and its derivates are the most popular tools in optogenetics, a native structure
of ChR2 is of great importance in revealing its functional mechanism and in guiding
molecular engineering. In 2017, the structures of wild-type (wt) ChR2 and ChR2-
C128T were reported by Volkov et al. [63]. Indeed, considerable differences in structure
geometry were observed between ChR2 and C1C2, including hydrogen-bond patterns,
intra- and interhelical interactions as well as residue conformations (Fig. 1.5). The most
predominant difference is the molecular gates: three (intracellular, central and
extracellular) gates were identified in ChR2, whereas C1C2 only contains two gates.
Another significant difference is the “DC” pair in two molecules. A water molecule is

found in the “DC” (D156-C128) pair of ChR2, but absent in that of C1C2 (Fig. 1.5).
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Figure 1.5 Crystal structure of ChR2 (A) and C1C2 (B).

Channel cavities and gates of wt-ChR2 and C1C2 were highlighted. Wt-ChR2 contains three
(intracellular, central and extracellular) gates (A), while only two gates in C1C2 (B). DC pairs are
shown in red and black ellipse for ChR2 (A) and C1C2 (B), respectively. The gray lines indicate the
hydrophobic membrane core boundaries. abbreviations for the aa residues used here are the single-
letter form. The retinal molecule is shown in cyan. Taken from [63].

In ChR2, the retinal chromophore is covalently bound to a conserved lysine
residue at the 7™ helix (K257) via a protonated Schiff base (Fig. 1.5A & 1.6A). The
protonated Schiff base directly contacts with its counterion complex E123 and D253.
Moreover, the Schiff base, D253 and E90 form the central gate together with residues
S63 and N258 (Fig. 1.6 A). Along with water molecules, extensive hydrogen networks
are formed (Figure 1.6A). Notably, water molecules w2, w3 and w4 build up the
interactions between the protonated Schiff base counterions complex with Q117, R120
and W124 which are involved in the constitution of the extracellular gate of ChR2.
Therefore, retinal isomerization could directly trigger rearrangements of the hydrogen-
bonded networks stabilizing the extracellular gates and central gates, resulting in
simultaneously opening of the extracellular gates and central gates. Meanwhile, this
hydrogen network re-arrangement further re-orientates helix 2 via its inter-helical
hydrogen-bond connection. Additional changes of helices 6 and 7 induced by retinal
isomerization jointly open the intracellular gate with the re-orientated helix 2.

Collectively, extensive interactions network between three gates ensures reliably relay
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of the light-induced change from the retinal binding pocket and synchronically opens
three gates [63]. In addition, the “DC” pair near the Schiff base in ChR2, despite not
positioned in the putative ion pore, also has a strong effect on the open channel lifetime

and photocurrent properties [46, 64-68].
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Figure 1.6 Retinal binding pocket of ChR2 (A) and its interaction with extracellular gate (B).
The retinal molecule is shown in cyan. Residues that involves the formation of retinal binding
pocket are shown in dark blue. The extracellular gate of ChR2 comprises M107,Q117,Y 121, W124,
S245, H249, and R120 (B). Taken from [63].

1.3.3 Photocurrent properties and the photocycle of ChR2

Upon light stimulation, the initial peak current (I) of ChR2 fast decays to a lower
stationary level (Is), which is referred as inactivation (or desensitization, Fig. 1.7A). A
second pulse after a certain time delay generates a smaller I, but unchanged Is (light
adaptation, Fig. 1.7A). This initial I, can be recovered only after many seconds in
darkness (dark adaptation) [9]. In addition, photocurrents recording of ChR2 showed
typical inward rectification (Fig. 1.7B). Near the reversal potential, I, and I displayed
different cation flow directions (Fig. 1.7B). This difference in reversal potential of I,
and I; indicates different cation selectivity of I, and Is [69]. Several photocycle models
have been proposed to explain the inactivation, the light adaptation and the ion
selectivity alteration of ChR2 [9, 70-72]. However, these models failed to explain the
controversies between recording from single-turnover experiments and under
continuous illumination. Until very recently, a unifying photocycle of ChR2 is proposed
based on results from single-turnover electrophysiology, time-resolved step-scan FTIR
and Raman spectroscopy of fully dark-adapted ChR2 [73]. This model consists of two
closed states (C; and C») and two open states (O and O>) distributed in two photocycle
pathways (Fig. 1.7C). For fully dark-adapted ChR2, the retinal chromophore almost
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100% exists in all-frans, C=N-anti form (C;). Upon light illumination, two photocycle
pathways are initiated. For the anti-cycle (retinal in 13-cis, C=N-anti form), classic K,
M and N intermediates are sequentially generated. The M intermediate is divided into
two subsequent steps with the same absorbance. The late M state is assigned as Oj-carly
with almost exclusive proton conductance. While N intermediate which absorbs at 520
nm, is also carried by cations (O1.1ae). In the other pathway, high frequencies light flash
or continuous illumination directly coverts initial D470 to nonconducting accumulable
Pago (C2) with deprotonated E90, which remains deprotonated during the whole
photocycle. The photoproduct of Pasgo is the relative long-lived conducting O> state,
which is highly selective for proton and shows lower conductance than Oi. Due to its
relatively long decay time, O tends to accumulate during continuous illumination. This
syn-cycle explains the inactivation of ChR2 and the relative high proton selectivity for
the steady photocurrent [73]. The light-adapted ChR2 represents a mixture of C; and Cs.
While the dark adaptation process means fully restoring all the photo-intermediates to

the initial C; state.
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Figure 1.7 Photocurrent properties and photocycle model of ChR2

al-trans,C=N-syn

(A) ChR2 exhibits a fast decline from initial I, to Is, naming inactivation. After a certain time delay
(At), a second light pulse induces smaller I, but unchanged I, which is referred as light adaption.
Modified from [74]. (B) Photocurrent records of ChR2 in Xenopus oocytes at different holding
voltages in the extracellular solution with 100 mM Na*, pH 9. When holding at -34 mV, the I, and
Is showed different ion influx directions. Modified from [75]. (C) Photocycle of ChR2. D470 and P4go
represent the closed states C; and C,. Light illumination triggers the retinal isomerized into either
13-cis, C=N anti or 13-cis, C=N syn form. High conducting O state is generated in the anti-cycle,
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while low conducting O, is from the syn-cycle E90 remains protonated during the anti-cycle and
deprotonated during the syn-cycle. Taken from [73].

1.3.4 Ion selectivity

Besides the three gates in the putative cation permeable pathway, no signature ion
selective filter was found in ChR2 (Fig. 1.5A). Lacking the selective filter perfectly
underlies the non-selective properties of ChR2. ChR2 shows the highest conductance
for H, while other monovalent (like Li*, Na*, K*) and divalent (like Ca®") cations are
also permeable for ChR2 [9]. The conductance of ChR2 for different cations displays a
strong inverse relationship with the size of the cation, i.e. smaller atomic radius ion has
higher permeability [9]. Moreover, all the cations are competing with each other for
binding and transport in a voltage- and pH-dependent manner [76]. As discussed above,
different photo-intermediates of ChR2 also exhibit altered ion selectivity [75]. Under
physiological condition, ChR2-mediated photocurrents are mainly carried by H" and
Na" [76]. The H conductance of ChR2 may lead to cellular acidification upon
prolonged illumination. To overcome this potential side effect and study the ion-
selective mechanism, numerous amino acid substitutions were conducted and identified
several key residues that influence the ion selectivity [68, 77-84] (see details in Table
1.1). Here in this thesis, further efforts were applied to modify the ion selectivity of
ChR2. Beyond ChR2, other ChRs with altered ion selectivity were also discovered,
such as high H" selected Chrimson [85, 86] or high Na" conducted PsChR [87].
1.3.5 Spectrum properties

Although all the ChRs share the same chromophore, their absorbance and action
spectrums exhibit extremely wide range. The maximum action spectrum spans from
436 nm to 590 nm [69, 88]. Still, all ChRs retain robust responsivity in the blue light
range (Fig. 1.8). The first discovered ChR1 and ChR2 are peaking activated at around
486 and 460 nm [8, 9]. PsChR and 75ChR exhibit slightly blue-shifted spectrum [85,
87]. vChR1 from is the first identified ChR with substantially red-shifted spectrum.
However, its photocurrent is small [89]. Chimerization with ChR1 fragments produced
C1V1 enables the first red light induces spiking [90]. Later engineered and discovered

ensemble of orange- and red-light activated ChRs including ReaChR and Chrimson
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empower ChRs for intact tissue activation [85, 91]. Among these bathochromically
shifted ChRs, Chrimson shows the most red-shifted action spectrum with peaking at
590 nm. Structural analysis revealed the determinants of the red-shifted absorption of
Chrimson: (1) the unique protonation state of the counterion residues, (2) the highly
biased distribution of the polar residues toward the B-ionone ring and (3) the structural
rigidity of the retinal binding pocket [88]. Rational introducing point mutation S169A
could further red-shift the spectrum of Chrimson, but unfortunately at the cost of largely
reduced photocurrent amplitude [88]. Besides one-photon excitation, engineered C1V1
variants bearing two additional mutants (E122T/E162T) confers improved two-photon
excitability [92], greatly broadening the utility of ChRs for in-vivo application. In
addition, engineered upconversion nanoparticles that absorb near-infrared light and
emit wavelength-specific visible light provided alternative ways for the in-vivo

application of ChRs [93].

Spectral variety of ChR activation
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Figure 1.8 Action spectrums of ChRs. Taken from [69].
1.3.6 Perfecting ChRs

Although ChR2 shows many exceptional properties as an optogenetic tool. It still
contains some unfavorable characters, for example, strong inactivation, moderate
expression level and photocurrent amplitude. In turn, considerable efforts have been
taken into perfecting ChRs.

The first endeavor of improving ChR2 can be tracked to its discovery. Nagel et al.
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found that truncation of the cytosol part of ChR2 did not affect its channel function [9].
Normally, the C-terminal domain is replaced by fluorescent proteins for monitoring
expression in target cells or tissues. Later on, Nagel et al. reported the first in-vivo
manipulation of animal behavior by using ChR2-H134R. It’s the first ChR2 mutant,
showing increased photocurrent with improved Na® conductivity and reduced
inactivation as well as improved retinal binding affinity in Caenorhabditis elegans [14].
Since then, the journey of ChRs engineering was launched. ChRs are such flexible
proteins that endures extensive modifications for increasing expression and
photocurrent amplitude [14, 81, 90, 94], shifting action spectrum [85, 87, 90-92, 95],
accelerating or slowing photocycle [64-66, 81, 90, 94, 96, 97], reducing inactivation
[66, 67, 95, 96, 98], and alternation of ion-selectivity [14, 68, 77-84]. The below Table

1.1 summarized the useful and improved ChR variants.

Table 1.1 Improved ChR variants

Constructs Specific properties Refs

ChR2-H134R Improved photocurrent, sodium selectivity, and retinal binding [14]
affinity in Caenorhabditis elegans.

ChIEF Fast photocycle and low inactivation [96]

ChRGR Green light activation, fast kinetics and low inactivation [95]

Chronons Large photocurrent with peaking absorbance at 500 nm [85]
Fast kinetics

ChR2-E123T/A/C Improved kinetics and reduced voltage dependency of channel [97]
closing kinetics, but reduced photocurrent amplitude

ChR2-T159C Large photocurrents but slightly reduced kinetics, improved retinal [94]
binding affinity

ChR2-E123T/T159C Large photocurrent with fast photocycle, less voltage dependence of [94]
channel closing kinetics.

ChR2-C128T/A/S, slow photocycle and extended open-state lifetimes,improved light [64, 65,

ChR2-D156A/N, sensitivity, Yellow/red and UV light to close the channel. 90]

ChR2-C128S/D156A

ChR2-XXL (D156C) Very high light sensitivity, Very high retinal binding affinity, [64, 66]
Very high expression level and photocurrent amplitude,
very slow photocycle,

ChR2-XXM (D156H) High light sensitivity, [67, 68]

High retinal binding affinity,
Very High expression level and photocurrent amplitude,
Improved Ca?" conductance,

Improved Na*/K* conductance (found in this thesis)
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ChR2-L132C Large photocurrent amplitude, improved Ca?* permeability, [81]
High light sensitivity

PsChR Blue shifted action spectrum, larger single-channel conductance and [87]
high Na* permeability

ChromeQ (ChR2- A71S/  Improved photocurrent, [99]

E90A/H114G/R1158S) order-of-magnitude reductions in calcium and proton conductance,

high fidelity in driving repetitive APs in neurons
ChloC, Chloride conducting ChR engineered from ChR2 [77-80,
iC1C2, Chloride conducting ChR engineered from C1C2 100]
iChloC, Improved ChloC with reduced cation conductance and improved

current amplitude
iC++ Improved iC1C2 with reduced cation conductance and improved

current amplitude
GtACRI1, Natural chloride conducting ChR and large photocurrent amplitude [101]
GtACR2
FLASH(GtACRI1- Fast kinetic GtACR1 [102]
R83Q/N239Q)
ReaChR Red-shifted spectrum, improved membrane trafficking, [91]

higher photocurrents and faster kinetics

C1V1- E122T/E162T

Large photocurrent, [90]
Peak absorption 540 nm,
Moderate apparent off kinetics ~40 ms,

Ideal for two-photon stimulation

(Cs)Chrimson Activation peaking at 590 nm, [85]
Improved membrane targeting by use of the CsChR (ChR87) N-
terminus

v{-Chrimson Accelerated kinetics upon red-light stimulation and reduced [103]

photocurrent amplitude,
significantly slowed photocycle upon blue/UV light stimulation
(found in this thesis)

Chrimson-S169A

Red-shifted action spectrum, Accelerated kinetics upon red-light [88]
stimulation, reduced photocurrent amplitude

significantly slowed photocycle upon blue/UV light stimulation

(found in this thesis)

ChRmine Large photocurrents with millisecond spike-timing fidelity, [104]
Robust Na*/K* permeability,
Red shifted spectrum with high light sensitivity

ChRger2 High photocurrent amplitude, [105]

very high light sensitivity,

Enables transcranial optogenetics

1.4. Enzymatic photoreceptor toolbox

The success of microbial rhodopsins in optogenetics further stimulates introducing
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the non-rhodopsin photoreceptors as optogenetic actuators. One of the most successful
application is the optogenetic control of the fundamental second messenger (CAMP or
cGMP) signaling pathway. Compared with previous pharmacological methods,
optogenetic control of cAMP/cGMP shows unprecedented spatiotemporal precision

and becomes increasingly popular. The main actuators will be detailed in the following.

1.4.1 Optogenetic manipulation of cAMP
1.4.1.1 EuPAC

The first success for optogenetic control of cAMP was achieved by Nagel’s lab in
2007. They heterologously expressed the photoactivated adenylyl cyclase from a
unicellular flagellate, Euglena gracilis (EuPAC) in Xenopus oocytes (Fig. 1.9A-B),
HEK293 cells and in Drosophila melanogaster, where neuronal expression yielded
light-induced behavior changes [18]. EuPAC was discovered in 2002 from studying the
photophobic responses of Euglena gracilis and was proven to be able to catalyze cAMP
synthesis after blue light illumination [106]. EuPAC consists of two chains, PACa and
PACB (Fig. 1.9A). PACo forms antiparallel intermolecular dimer and exhibits
hundreds-times higher activity than PACP (Fig. 1.9C-D) [18, 107]. Therefore, only
PACa was used as the molecular tool for optical cAMP manipulation. After the initial
trial, PACa was further applied in other systems, including Aplysia neurons [108] and
in Caenorhabditis elegans cholinergic neurons where it was used to manipulate
neurotransmitter release [109]. However, several shortcomings of PACa hinders its
wide application, such as large molecular mass (>1000 aa), low solubility, and

significant dark activity.
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Figure 1.9 EuPAC, the first optogenetic tool for cAMP manipulation.

(A) Structural features of the PACa and PACP. (B) Conductance changes of oocytes expressing
cystic fibrosis transmembrane conductance regulator (CFTR) and PACa (200 pg cRNA, left) or
PACB (20 ng cRNA, right). (C) Comparison of light-induced conductance changes in oocytes
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expressing PACs with CFTR. (D) Model of catalytic center formed by intermolecular C1-C2 dimer.
Taken from [18, 106, 107].

1.4.1.2 bPAC

bPAC form the soil bacterium Beggiatoa, composed of a blue light receptor using
flavin (BLUF) domain and an adenylyl cyclase domain (AC), shows superior feathers
in comparison with PACa. The small size (350 aa), low dark activity and high light
activity make bPAC the most popular tool for cAMP manipulation [110, 111]. Co-
expression of bPAC with either CFTR or olfactory cyclic nucleotide-gated ion channel
(CNG-channel) in Xenopus oocytes evoked reliable transient photocurrent upon blue
light illumination. In addition, bPAC is also applicable in neurons. Expression of bPAC
in conjunction with CNG channels (CNG-A2) in CA1 pyramidal cells induces rapid
and highly reproducible photocurrent when applying blue light irradiation. More
importantly, bPAC outperforms both EuPACa and forskolin/IBMX pharmacological
cocktail in evoking CNG currents (Fig. 1.10). Besides neural application, bPAC was
further introduced in various studies including sperm fertilization [112], neuronal repair
[113], neurotransmission [114], mechanosensitive GPCR [67] and insulin secretion
[115]. bPAC is not just a versatile tool for optogenetic application, but also a perfect
object for studying the general sensor/effector communication principle and
intramolecular signal transduction of the photoreceptor. Mechanism study of bPAC
signal transduction not just facilitates the study of blue light receptor, but also benefits

the photoactivated enzyme engineering.
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Figure 1.10 Comparison of bPAC, Forskolin/IBMX and EuPACa induced currents in neurons.
(A) Light induced cAMP-gated current in CA1 pyramidal cell expressing bPAC and CNG-A2
before and after forskolin/IBMX (100 uM each) wash-in. Applying Forskolin/IBMX cocktail only
partially obturated light-induced currents. (B) Photocurrent evoked by 100 ms blue light application
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in neurons expressing CNG-A2 and EuPACa (red) or CNG-A2 and bPAC (black). Taken from
[110].

1.4.1.3 Molecular mechanism of photoactivation of bPAC

The AC domain of bPAC belongs to type III ACs, which are only functional in a
homodimer form. However, the isolate AC domain of bPAC shows very low, if any,
activity compared with the full-length protein, suggesting that the BLUF domain may
mediate the dimerization of AC domain and/or reconfigure the AC into an active state
upon photoactivation [116]. The later solved high-resolution crystal structure of bPAC
clearly demonstrated that the dimerization of bPAC is mainly contributed by the helix
a3 in the BLUF domain (Fig. 1.11A). Extensive hydrophobic interactions between the
a3pLur of each chain maintain the dimerization of bPAC, similar to its homologue
OaPAC [117, 118]. Comparison of the dark state, illuminated state, and pseudo-lit state
(constitutively active Y7F mutant) bPAC structures revealed the light activation
pathway from within the BLUF domain to the AC domain. Light absorbance triggers
conformational change of Y7 in BLUF domain, which could directly transmit to the
kink in B4pLur. The adjacent residue L8 forms direct interaction with a3BLur.
Meanwhile, H120 and E124 in a3gLur are in van der Waals contact with L75 and L77
in P4sLur. These interaction networks synergistically propagate the change of the
photoactive residue to a3grLur and the C-terminal capping of BLUF domain. In addition,
4-B5 tongue in the AC domain also directly contact with a3srur. Collectively, changes
in a3sLur then relay to the AC domain for allosterically activation via opening the active
site cleft for accommodation of ATP and repositions of catalytic residues (Fig. 1.11B)

[117].
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Figure 1.11 Structure and photoactivation mechanism of bPAC.
(A) The overall structure of bPAC in the a3gLur mediated homodimer form. (B) The structural

23



Introduction

changes from the excited chromophore to a tongue-like extrusion of the AC domain through a
conserved kink of the BLUF B-sheet regulates active site opening and repositions catalytic residues.
Taken from [117].

1.4.1.4 Other PACs

Besides bPAC and EuPAC, a variety of PACs including nPAC [119], TpPAC [120],
mPAC [121], OaPAC [118], cPAC [122] DAPAC [123] were identified or engineered
and potentially can be introduced as the optogenetic tools for cAMP manipulation.
Unfortunately, they either showed very high dark activity (e.g. mPAC), or the enzymatic
activity is not determined unambiguously. In this thesis, I developed a fast convenient
in-vitro assay allowing reliably quantification of the activity of these soluble PACs.
Further engineering efforts were then applied to the best PAC candidate for cAMP

manipulation.

1.4.2 Optogenetic tools for cGMP manipulation
The first light regulated guanylyl cyclase (bPGC or BlgC) was engineered by Ryu

et al. through rational introduction of triple mutations (K197E/D265K/T267G) to bPAC
[111]. However, it still contains unfavored residual AC activity, and no in-vivo
application of this tool was reported yet. In 2014, a novel gene fusion named BeGCl1
consisting of microbial rhodopsin domain and GC domain was identified in fungus
Blastocladiella emersonii. This gene was suggested that involves the phototaxis
behavior of the fungus [124]. Very soon in 2015, functional characterization of this
protein was independently conducted by Gao et al. and Scheib et al. and named
BeCyclOp (Cyclase Opsin) and BeRhGC (rhodopsin-guanylyl cyclase), respectively
[125, 126]. Interestingly, BeCyclOp shows novel 8 TM helices topologies. Its long
cytosolic N terminus is suggested to play roles in the regulation of GC activity (Fig.
1.12A). BeCyclOp shows superior properties in optogenetic cGMP manipulation. It is
a tightly regulated cGMP specific cyclase with a very high photodynamic range (the
ratio of light activity to dark activity is around 5000). Co-expression of BeCyclOp with
CNG channel (TAX-2/4) in Caenorhabditis elegans muscle induced body contraction
upon light illumination [125]. Contrary to light activated cGMP production, light
activated cGMP degrading rhodopsin phosphodiesterase (RhoPDE) was also recently
identified from Salpingoeca rosetta (Fig. 1.12B) [127]. At beginning, the light
regulation of RhoPDE was under debated [128] but was later strongly proven to be
photoactivable with light-enhanced substrate affinity. In addition, RhoPDE shows 100
times higher activity in the degradation of cGMP over cAMP [129]. Moreover, a group
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of new RhoPDEs was identified in multicellular choanoflagellate and shown to be
involved in light-regulated collective contractility [ 130]. Nature never stops surprising
us. Light-inhibited GCs called “two-component cyclase opsins” (2¢c-CyclOps) were
recently discovered in green algae Chlamydomonas reinhardtii and Volvox carteri.
cGMP synthesis keeps sustaining in dark via ongoing phosphorylation and phosphoryl
group transfer from histidine kinase domain to response regulator domain in 2c-
CyclOps. Light illumination inhibits the phosphoryl transfer, resulting in decreased GC
activity (Fig. 1.12C) [131]. Interestingly, all these cGMP related enzyme rhodopsins
share a common 8 TM helices topologies (Fig. 1.12).

Figure 1.12 Light regulated cGMP related rhodopsin toolbox.
Models of the light activated GC, BeCyclOp (A), the light activated PDE, RhoPDE (B), and the
light inhibited GC, 2¢-CyclOp (C). Modified from [125, 129, 131].

1.5 Two-component ion channels for optogenetic activation and inhibition
Rhodopsin-based ion channels toolbox offers various options for neural exaction
and inhibition. However, ion channel like ChR2 is non-selective and low conductive
for Ca?" [9, 81]. To effectively manipulate the calcium signal, a more conductive light-
gated channel with high Ca®" permeability is of interest. In addition, high-efficient
neural inhibitory tools are still lacking in the rhodopsin toolbox. Outward proton or
inward chloride pumps need high-intensity illumination. Engineered or natural chloride
channels depend on the TM electrochemical gradient of chloride [77, 78, 101]. These
tools may either lead to altered ion distributions and/or produce contradictory results
from the unintended change of ion contribution [132-136]. Therefore, light-gated
potassium channel is highly desired. Existing potassium channel Blinkl poorly

expressed on the plasma membrane [137]. Generation of two-component optogenetic
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actuator by combining the light activated nucleotide cyclase and high conductive ion-
selective CNG channel could in principle solve these two problems. Already in 2011,
co-expression of bPAC with CNG-A2 in hippocampal pyramidal neurons showed
reliable photocurrent production upon light illumination (Fig. 1.10) [110]. Similarly,
light-gated Ca®* permeant channel (OLF-bP) and K* selective channels (SthK-bP and
PAC-K) were generated by the combination of bPAC with OLF channel and SthK
channel, respectively [138, 139] (Fig. 1.13A-C). Expression of OLF-bP or SthK-bP in
motoneurons of Drosophila melanogaster larvae enables controlling the mobility of
larvae by light (Fig. 1.13D) [138]. Both SthK-bP and PAC-K robustly silence the
neuronal firing in brain slices in a reversible manner (Fig. 1.13E- F). However, different
strategies in combining bPAC and SthK may confer the synthetic constructs different
characters. In this work, I systematically compared the photocurrent amplitudes, the
kinetics and the cAMP productions of different bPAC-SthK constructs. Moreover, the
relative narrow blue range action spectrum of bPAC allows independent bidirectional
control of cell activity by two wavelengths light when combining with red-light
activated ChRs. In this thesis, the improved SthK-bP and vf-Chrimson variants were

demonstrated to be a promising toolset for dual-color optogenet