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Abstract: This Special Issue provides an update for the rapidly developing technology known as
“optogenetics” that is the use of genetically encoded light-sensitive molecular elements (usually
derived from lower organisms) to control or report various physiological and biochemical processes
within the cell. Two ongoing clinical trials use optogenetic tools for vision restoration, and optogenetic
strategies have been suggested as novel therapies for several neurological, psychiatric and cardiac
disorders. The Special Issue comprises two reviews and seven experimental papers on different
types of light-sensitive modules widely used in optogenetic studies. These papers demonstrate the
efficiency and versatility of optogenetics and are expected to be equally relevant for advanced users
and beginners who only consider using optogenetic tools in their research.

Keywords: optogenetics; photoswitching; photocontrol; all-optical electrophysiology; microbial
rhodopsins; ion channels; LOV domains; membrane potential; intracellular trafficking; protein—protein
interaction; signaling

1. Introduction

Broadly defined, optogenetic technology “combines genetic targeting of specific neurons or
proteins with optical technology for imaging or control of the targets within intact, living neural
circuits” [1]. This umbrella term encompasses both genetically encoded light-sensitive actuators and
reporters of cellular activity. Historically, the reporters have been introduced first: targeting specific
cell populations by heterologous expression of the gene encoding green fluorescent protein (GFP) from
the jellyfish Aequorea victoria predated the term “optogenetics” by >10 years [2]. Structure-directed
combinatorial mutagenesis of GFP has converted this protein into a fluorescent pH indicator to monitor
synaptic transmission [3].

These early developments led Francis Crick to predict the possibility also to activate neurons with
light [4]. Indeed, this has soon been achieved by co-expression of several essential elements of the
enzymatic cascade of animal vision in non-visual cells [5]. However, the real coming of age optogenetics
experienced after the emergence of a cornucopia of photosensitive molecules from photosynthetic
microbes and plants. Furthermore, synthetic chromophores—referred to as “photoswitches”—have
been designed to interact with specific target proteins and confer photosensitivity to them. Currently,
many different natural and synthetic photosensitive moieties are being used in optogenetic experiments
in many different cellular and organismal contexts, and the field is still rapidly expanding.

2. In This Special Issue

Piatkevich et al. review recent efforts to engineer genetically-encoded fluorescence indicators to
monitor the membrane voltage and the concentrations of Ca?* and K, as well as key neurotransmitters,
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changes in which accompany neuronal activity. This work serves as an excellent guide for selection of
the most appropriate optogenetic reporters for a particular experiment.

Optogenetic actuators are even more diverse than sensors, in both their nature and intended uses.
In some cases, such as microbial rhodopsins, the functions of the photosensor and effector are executed
by the same protein domain, whereas in other proteins a photosensory domain is followed by distinct
effector domains. Examples of photosensory domains found in native multidomain proteins are small
flavoprotein modules known as Light, Oxygen, or Voltage sensing (LOV) and Blue-Light-Utilizing
Flavin-binding (BLUF) domains that respond to UV-A/blue light (320-500 nm) [6,7]. Both these
domains are widely used in optogenetic studies.

In plant phototropins that contain LOV domains, photoexcitation of the chromophore flavin
mononucleotide (FMN) leads to unfolding of the C-terminal J« helix, to which various peptides of
interest, such as nuclear localization and export signals, can be attached. Wehler and di Ventura use a
LOV domain-based light-inducible nuclear export system (LEXY) to manipulate cellular levels of the
transcription factor p53 with blue light. In certain human cancers, excessive inactivation of p53 results
from overexpression of its negative regulator, murine double minute 2 (Mdm?2). The 12-amino-acid
peptide, p53-Mdm2/MdmX inhibitor (PMI), binds to Mdm2 and suppresses its function. The authors
show that in the dark, the PMI-LEXY fusion remains in the nucleus and prevents Mdm?2 from
degrading p53. Illumination caused export of the PMI-LEXY fusion to the cytosol, which released
Mdm?2. According to the authors, this optogenetic tool can be used to study the effects of local p53
activation within a tissue or organ.

BLUF domains are mostly found in prokaryotes and usually bind flavin adenine dinucleotide
(FAD) as a chromophore. They exhibit different photochemical reactions, as compared to LOV domains.
Kaushik et al. have analyzed 34 native BLUF domains from publicly accessible sequence databases.
They have found functional association of these domains with several previously unknown effector
domains, such as guanine nucleotide exchange factor for Rho/Rac/Cdc42-like GTPases (RhoGEF),
phosphatidyl-ethanolamine binding protein (PBP), ankyrin and leucine-rich repeats. This remarkable
modular diversity of BLUF domain-containing proteins expands the repertoire of potential chimeric
assemblies that can be created by a combination of BLUF domains with appropriate cellular effectors.

Microbial rhodopsins, being electrogenic, are used to control the membrane voltage with light [8].
Channelrhodopsins mediate passive transport of ions along the electrochemical gradient and are
therefore intrinsically more potent than rhodopsin ion pumps that translocate across the membrane
only one ion per captured photon. Both cation- and anion-selective channelrhodopsins are known,
abbreviated as CCRs and ACRs, respectively [9]. CCRs appear to emerge by convergent evolution
by at least two independent routes. One CCR family was found in green (chlorophyte) flagellate
algae, in which they act as photoreceptors for phototaxis [10]. Another CCR family that shows closer
primary sequence homology to haloarchaeal rhodopsin pumps than to other known CCRs, was found
in phylogenetically distant cryptophyte algae [11]. Shigemura et al. characterize channel properties
of CCR4 from the cryptophyte alga Guillardia theta (GtCCR4). The advantages of this protein as an
optogenetic tool comprise the red-shifted absorption maximum (530 nm), small desensitization during
continuous illumination and the relatively high Na*/H* permeability ratio, as compared to ChR2 from
the chlorophyte alga Chlamydomonas reinhardtii (CrChR?2).

H* permeability of CCRs is a serious problem in some optogenetic experiments, as it may lead to
a decrease in the cytoplasmic pH [12]. Duan et al. show that the D156H mutation of CrChR2, and the
corresponding mutations of the fast CCR variant Chronos [13] and blue-shifted ChR from Platymonas
subcordiformis (PsChR) [14] enhanced relative permeabilities for Na* and Ca*, as compared to that for
H*. Moreover, in PsChR this mutation additionally increased the current amplitude, which made it
the best currently available tool for optogenetic manipulation of the intracellular Ca?* level.

Despite >50 native and the innumerable number of engineered CCR variants currently known,
CrChR2 and its gain-of-function H134R mutant so far have remained the most frequently used
optogenetic excitatory tools [15]. Two articles in this Special Issue report mechanistic studies on CrChR2,
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the results of which might contribute to further improvement of this tool for optogenetic needs. Richards
et al. probe the role of residual hydrophobic mismatch (RHM) by a combination of computational
and functional approaches. The authors identified several residues at the intracellular/lipid interface,
mutations of which were predicted to significantly reduce the RHM energy penalty. They also showed,
by electrophysiological analysis of these mutants, that the reduction of the RHM penalty in the closed
state compromised CrChR2 conductance, selectivity and open state stability. These results show that
protein-lipid interactions have to be taken into account when engineering optogenetic tools for specific
cell types.

Ehrenberg et al. examine the functional role of Thr127 located near the retinylidene Schiff base in
CrChR2. Replacement of this residue with alanine or serine did not change the position of the spectral
maximum, which ruled out its contribution to the counterion complex. However, the T127A mutation,
unlike the conservative T127S mutation, accelerated deprotonation of the Schiff base and strongly
delayed its reprotonation. These results place Thr127 in the hydrogen-bonded network connecting the
Schiff base with Asp156, which the authors identified earlier as the proton donor to the Schiff base [16].
This conclusion was further corroborated by the observation of extended lifetime of the channel open
state observed in both T127A and T127S mutants, as compared to the wild type.

Erofeev et al. systematically analyzed the influence of frequency, duration and intensity of optical
stimulation on performance of CrChR2 in cultured mouse hippocampal neurons. Using optimal
photostimulation protocols is very important in optogenetic experiments, because e.g., insufficient
illumination results in poor fidelity, whereas excessive light might lead to overheating of the tissue.
The authors show that at the optimal stimulation frequency 1-5 Hz the dependence of photocurrent on
the light pulse duration is described by a right-skewed bell-shaped curve, whereas the dependence
on the stimulus intensity is close to linear. These results complement previously published work
(e.g., [17]) and provide useful guidelines for optogenetic experimentation.

Finally, the review by Kellner and Berlin summarize recent progress in the development of
synthetic azobenzene switches and their optimization for two-photon excitation (2PE). Azobenzene
is the most popular chromophore used in synthetic optogenetics, owing to its high quantum yield,
solubility in water and minimal photobleaching. Most importantly, under photoexcitation azobenzene
undergoes a rapid, robust isomerization from the trans to cis conformation that can be harnessed to
drive biologically relevant conformational changes in target proteins. 2PE allows using near-infrared
(NIR) light that better penetrates biological tissue to activate optogenetic molecules and provides
three-dimensional single cell-level spatial resolution. However, typical azobenzene-based switches
exhibit poor absorption of NIR. The authors describe several strategies that have been used to increase
the 2P-absorption cross section of azobenzene-based photoswitches without compromising the rate of
their response or other useful properties.

Taken together, the papers in this Special Issue are a valuable contribution towards a better
understanding of photochemistry and biophysics of optogenetic tools, which provides the guidelines
for further engineering to improve their performance.

Author Contributions: Both authors have contributed to the writing and editing of this manuscript and agreed to
publication of its final version. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
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Abstract: Our ability to investigate the brain is limited by available technologies that can record
biological processes in vivo with suitable spatiotemporal resolution. Advances in optogenetics
now enable optical recording and perturbation of central physiological processes within the intact
brains of model organisms. By monitoring key signaling molecules noninvasively, we can better
appreciate how information is processed and integrated within intact circuits. In this review, we
describe recent efforts engineering genetically-encoded fluorescence indicators to monitor neuronal
activity. We summarize recent advances of sensors for calcium, potassium, voltage, and select
neurotransmitters, focusing on their molecular design, properties, and current limitations. We also
highlight impressive applications of these sensors in neuroscience research. We adopt the view that
advances in sensor engineering will yield enduring insights on systems neuroscience. Neuroscientists
are eager to adopt suitable tools for imaging neural activity in vivo, making this a golden age for
engineering optogenetic indicators.

Keywords: optogenetic tools; neuroscience; calcium sensor; voltage sensor; neurotransmitters

1. Introduction

A central and astonishing feature of the nervous system is the capacity for learning and
remembering, which are inherently dynamic processes. Advances in genetically-encoded sensors
enable the real-time observation of key signaling molecules in a cell-type and circuit-specific manner
within intact brain tissue and in vivo. Genetic strategies allow targeted expression of optogenetic
tools [1,2] to a specific cell type (using specific promoters [3] or in transgenic animals expressing
DNA recombinases in a specific cell type [4]) or an anatomically distinct circuit (using intersectional
or retrograde viral labeling strategies [5,6]). Additionally, genetically-encoded probes are the only
technique available to observe precisely the same cells longitudinally, permitting long-term monitoring
of specific cellular processes, up to months [7,8]. Judiciously selecting suitable spectral properties
of optical sensors potentially enables the visualization of the activity and interactions of distinct cell
types [9]. Thus, genetically-encoded indicators are an indispensable tool for visualizing neuronal
activity in a cell type and circuit-specific manner while minimizing disturbance to the complex cellular
milieu of the brain. Advances in these sensors allow noninvasive and longitudinal monitoring of key
neural processes, which is essential for understanding how information is transmitted and processed.

In this review, we describe advances from the past three years in the engineering and application
of genetically-encoded fluorescence indicators of neuronal activity. We focus on indicators for
calcium, voltage, and neurotransmitters that show acceptable performance for in vivo imaging.
We also provide an overview of new sensors—which potentially enable fundamentally new
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kinds of measurements—and their molecular design, biochemical and spectral characteristics, and
current limitations.

2. Calcium Indicators

Calcium is a crucial mediator of neural activity and activity-dependent synaptic plasticity [10,11].
While most neurons at rest contain cytoplasmic calcium concentrations of 50-100 nM, electrical
activity can swiftly and dramatically increase calcium concentrations [12] for tens of milliseconds
to several seconds [13,14]. Therefore, calcium is an excellent proxy for neuronal activity, and,
accordingly, genetically-encoded calcium indicators (GEClIs) are the most popular and widely used
optical sensors of neuronal activity in neuroscience [8,11,15,16]. Since the development of the first
proof of principle GECIs almost two decades ago [17-20], herculean efforts in protein engineering
resulted in several excellent calcium sensors [21,22] providing researchers a selection of tools for diverse
applications, including imaging large neural population dynamics [23,24], dendritic processing [25],
as well as synaptic [26,27] and presynaptic [28] function. Here, we will discuss the major progress
in engineering GEClIs from the past few years and briefly describe some of their most distinctive
applications. Prior work on the development and application of GECIs has been reviewed in earlier
publications [8,11,15,16].

Since 2016, two types of molecular designs have prevailed among improved as well as newly
developed GEClIs (Figure 1a,b). The GECI families based on the GCaMP-like design are the most
numerous and widely used GECIs for in vivo imaging [22] (Table 1). Calcium sensors with green
fluorescence exhibit the best performance, especially the GCaMP6 variants [26] and, therefore, are the
primary choice for most applications. Intensive use of the GCaMP variants in vivo resulted in a wealth
of evidence for their interference with normal calcium dynamics and gene expression in mammalian
systems that must be taken into account when interpreting calcium imaging data [29-31]. Typically, the
side effects are due to the interaction of the calcium binding domain, which has a mammalian origin,
with endogenous proteins, as well as the buffering of cytoplasmic calcium, artifacts more prominent
during prolonged sensor expression at high levels [26,32]. To overcome these side effects, several
different modifications of calcium binding domains have been attempted. For example, Yang et al.
engineered GCaMP-X by incorporating an extra apoCaM-binding motif into the GCaMP variants [31].
This modification did not significantly affect overall sensor performance but reduced interactions
with L-type calcium channels, thus effectively protecting Cay1-dependent excitation-transcription
coupling from sensor-induced perturbations [31]. An alternative strategy to minimize GCaMP-induced
side effects involve exploiting calcium binding domains cloned from fungi and yeasts that share
conserved amino acid identity with their metazoan counterparts used in GCaMPs [33]. For example,
the calmodulin and M13-like peptide from Aspergillus fungi swapped with the calcium-binding
domain in GCaMP6s prevented interaction with endogenous proteins at low calcium concentrations
in cultured mammalian cells [33]. In addition, fungal GCaMP, or FGCaMDP, exhibits ratiometric by
excitation fluorescence response to calcium ions, with the highest brightness and dynamic range
combination among other ratiometric GECls such as GEX-GECO [34], Pericam [19], and Y-GECO [35].
Furthermore, FGCaMP can report neuronal activity with single cell resolution in zebrafish larvae
under light-sheet microscopy. Another way to improve the performance of GECIs is structure-guided
mutagenesis of the GFP-CaM interface and the CaM-M13 peptide interactions [36]. For example,
further mutagenesis of the calcium binding domain in the GCaMP6 variants resulted in the next
generation green sensors, the jGCaMP?7 series, characterized by improved sensitivity to one action
potential and higher signal-to-noise ratio due to enhanced brightness [37]. However, the jGCaMP7
variants are still less validated in vivo compared to the extremely popular GCaMP6 indicators.

Very recently, Barykina et al. suggested an alternative design of GECIs, which implicates the
insertion of a calcium-binding domain into a fluorescent protein (Figure 1b). Implementing this
design resulted in the generation of a new family of GECIs, named after the progenitor NTnC [38],
exhibiting a set of unique features (Table 1). In comparison to GECIs with the classical GCaMP design,



Appl. Sci. 2019, 9, 562

the NTnC-like family is characterized by a smaller molecular size, lower calcium-binding capacity,
higher tolerance to fusion partners, and a non-mammalian origin of calcium-binding domains. The
smaller molecular size is beneficial for packaging efficiency into viral particles and perhaps ensures
better folding and targeting to subcellular compartments, such as mitochondria and the endoplasmic
reticulum [39]. The lower calcium-binding capacity of the NTnC family (two or one calcium ion
per molecule vs four ions per molecule for GCaMP family) reduces the deleterious confound of
calcium buffering, which can corrupt the patterns of registered neuronal activity [30]. However, in
spite of the different stoichiometry of calcium binding sites in GCaMP and NTnC-like indicators,
they linearly respond to the increasing number of action potentials in the range determined by
affinity of the respective indicator to calcium ions [38,39]. Unlike the GCaMP-like GECls, where
different tags affect their dynamic range and affinity for calcium ions [40], the GFP-like N- and
C-termini make the NTnC-like sensors tolerate fusions with other proteins by eliminating distortion
of calcium-binding domain. Utilization of the truncated version of troponin C from muscles as a
calcium-binding domain, which does not interact with endogenous proteins in mammalian cells,
minimizes potential disturbances on neural physiology.

a
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Figure 1. Molecular design of genetically-encoded calcium and potassium indicators. (a,b) The
structure of calcium indicators are shown as ribbon diagrams according to the crystal structures
of NTnC (protein database (PDB) SMWC), dYTnC2 (unpublished), GAF-CaMP (combination of
GAF-domain of PaBphP phytochrome PDB 3C2W and CaM/M13-peptide pair from GCaMP6m
GECI PDB 3WLD), NIR-GECO1 (combination of the PAS-GAF domain of PaBphP phytochrome PDB
3C2W and CaM/M13-peptide pair from GCaMP6m GECI PDB 3WLD), LUCI-GECO1 (combination
of NanoLuc luciferase PDB 5IBO and GCaMP6m GECI PDB 3WLD), FGCaMP (unpublished), and
K-GECO (PDB 5UKG) in calcium-bound state. (¢) The organization of potassium indicators is shown
schematically and according to the X-ray structures of Cerulean and mVenus fluorescent proteins (PDB
50XC and IMYW, respectively), and Kbp potassium binding protein from E.coli (PDB 5FIM).
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Table 1. The key characteristics and performance of the selected genetically-encoded fluorescent

calcium and potassium indicators.

AF/F/SNR per AP
N AF/F
) I Ex/Em Brightness vs. o Ko Kot
2 Indicator @me | EGEPeee | PRonPRas | OO gy gy Stice or n Ref.
Culture Vivo
Calcium indi
NTnC 505/518 163 6.09/6.08 100 192 038 0.027/18 ND [38]
iYTnC2 499/518 16 7.4/8.5 450 331 112 0.0015/ND ND [41]
2
g YTnC 495/516 17 52/63 290 410 096 0.008/ND ND [39]
dYTnC2 496/518 ND ND 1900 | 2700 ND ND ND [unpublished]
. apo 402/516 56 6.56/7.0 590 400
=
& | FGcampe 12 ND ND [33]
2 t 493/516 104 62/7.33 170 | 40
sal 2/7. 400
0.022-
N GCaMPés 497/515 124 9.77/6.20 6220 227 069-112 | 028/7.6- | 0.25ND [26]
= 183
el
o GCaMPsf 497/515 109 8.77/6.34 5080 492 393 0.18/101 | 0.15/ND [26]
jGCAMP7s 497/515 103 7.69/6.36 3900 68* 2.86 0.657/25 ND 1371
° jRGECO1a 560/590 35 8.6/6.3 1060 | 148* 7.6 ~029/~13 | 0.13/ND [9,42]
9]
=
o K-GECO1 565/590 82 ND 1100 | 165% ND ~0.26/~11 ND [43]
= G 502/516 268 ND
<
S | cAMPARE 7.8 199% 143 ND ND [40]
S
R 562/577 126 ND
GAF-CaMP 635/672 21,69* 30,90/ 52 15 ND ND ND [44]
k: . 3.0;>10.0
E-
E
i NIR-GECO1 678/704 ND 6.0/4.7 85 215 1.93 25/25 ND [45]
donor 460
LUCI- .
GECOm ND 8.15/6.07 406 285 ND ND ND [46]
acceptor | 497/515
donor 433/475 104 3.2
KIRINTFET 130 1660 ND ND ND
acceptor | 515/530 ND ND 7]
KIRIN1- donor 505/515 251 6.2
o 20 2560 ND ND ND
E GReer acceptor | 559/600 128 53
donor 457/475 420-
GEPIIFreT ND ND 220 075 ND ND [48]
acceptor | 515/527 26,000
GINKO1 502/514 22 ND 250 420 ND ND ND [47]
a2 ©®  ratiometric, FRET_Forster (fluorescence) resonance energy transfer (FRET)-based indicator,
BRET

—bioluminescence resonance energy transfer (BRET)-based indicator. b Excitation/emission wavelengths

for the brightest state. For ratiometric and FRET-based indicators two wavelengths or two pairs of wavelengths
correspond to apo- and saturated-states or ex/em of the donor and acceptor, respectively. ¢ Brightness is a product
of quantum yield and extinction coefficient normalized to the brightness of EGFP. For ratiometric and FRET-based
indicators brightness of apo- and saturated-states or fluorescent protein acceptor and donor are shown, respectively,
*—two-photon brightness. ¢ Dynamic range is maximally achievable AF/F between calcium/potassium-saturated
and apo-states. ¢ Ky is the equilibrium calcium dissociation constant in the presence of ImM MgCly, * K4 values
measured in the absence of ImM MgCly; f ko are the off kinetics of dissociation from calcium/potassium ions
measured using stopped flow fluorimetry. ND—not determined.
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The original NTnC sensor was designed by inserting the troponin C calcium binding domain
into the bright green fluorescent protein mNeonGreen [38]. In contrast to GCaMP-like sensors, NTnC
exhibits negative fluorescence response, i.e., it reduces fluorescence upon calcium binding. NTnC
is characterized by high brightness and pH stability, inherited from mNeonGreen, but low dynamic
range (Table 1). Utilizing yellow fluorescent protein (YFP) as a sensing moiety helped to increase the
dynamic range but at the expense of brightness and pH stability [39,41]. While NTnC and YTnC are
suitable for reporting neuronal activity at single cell resolution in behaving mice under both one- and
two-photon microscopy, they exhibit lower overall performance than the GCaMP6 variants. However,
we found the NTnC-like sensors significantly outperform GCaMP6s when targeted to organelles such
as the mitochondria and endoplasmic reticulum [39]. Calcium homeostasis in mitochondria and the
endoplasmic reticulum plays crucial roles in cell physiology in health and disease [49-52]. However,
currently available GEClIs are not optimized for calcium visualization in these organelles. Therefore,
the NTnC-like sensors represent promising templates for adjusting calcium affinity to match the range
of calcium concentration in mitochondria and the endoplasmic reticulum. For example, truncation of
the EF4-hand of the calcium-binding domain in YTnC2 indicator, which is capable of binding only
one calcium ion, decreased affinity of the indicator to calcium ions by ~10-fold. The generated sensor,
dYTnC2, showed optimal biochemical characteristics for measuring large calcium transients in the
endoplasmic reticulum (personal communication, Table 1).

There is a great need for GECls with red-shifted fluorescence, but engineering red-shifted variants
has proven particularly challenging. Inserting calcium binding domains into red fluorescent proteins
easily disrupts folding and chromophore maturation [43,53]. Furthermore, red fluorescent proteins are
known to exhibit inferior photophysical properties compared to green fluorescent proteins such as
photoactivation under blue light illumination, leading to imaging artifacts [54-56]. Despite great efforts
in the development of red-shifted GEClIs [34,42,54,56-58], only the latest generation of red GEClISs is
suitable for imaging calcium dynamics in living organisms [9,43]. However, further engineering and
enhancement of the current red GECls is certainly required before they can reach level of the best
performing green sensors (Table 1). Brightness and dynamic range are perhaps the main properties
requiring improvement. Another inherent drawback of red GECls is their tendency to form bright
fluorescence puncta in cell bodies, especially during in vivo expression. The puncta were shown to
co-localize with a lysosomal marker LAMP-1. The aggregated proteins in the puncta do not show
calcium sensitivity and contribute to background fluorescence, thus reducing the overall quality of the
dynamic signal recordings. To reduce puncta formation, Shen et al. exploited the novel red fluorescent
protein FusionRed, known to exhibit good localization in neurons [43]. Replacing the fluorescent
moiety in R-GECO with a circularly permutated FusionRed generated the K-GECO indicator, which
indeed demonstrated no puncta-like localization in cultured neurons [43]. However, puncta formation
was not completely resolved in vivo in mice. K-GECO could report single action potentials in neurons
in zebrafish larva as well as detect calcium dynamics in the visual cortex of awake mice. However,
K-GECO1 did not provide the same level of in vivo sensitivity as the highly optimized jJRGECO1a
(Table 1).

Red-shifted GEClIs enable facile application in conjugation with channelrhodopsins for all-optical
interrogation of neuronal circuits [9,42,43,56]. Due to the wide action spectra of the majority of
channelrhodopsins, compared with the full width at half maximum of GFP-like fluorescent proteins
ranging from 30 to 70 nm, spectrally multiplexed optogenetic control with red GECIs excited at ~560
nm still remains challenging. Even one of the most blue-shifted channelrhodopsins, CheRiff [59], with
acceptable in vivo performance [60], generates a sustained inward current under 560 nm illumination at
moderate light power of ~15mW /mm? that can cause substantial alternations in membrane potentials
during extended imaging [61,62]. Shifting fluorescence of GEClIs into the near-infrared range will
provide completely crosstalk-free coupling with optogenetic tools. Near-infrared fluorescent proteins
derived from phytochomes [63] have shown to be useful for labeling neurons in vivo in mammals [64],
zebrafish [65], and flies [66]. Near-infrared light is also beneficial for the noninvasive whole-body
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imaging of small mammals [67,68] due to reduced autofluorescence, low light scattering, and minimal
absorbance at longer wavelengths. Interestingly, the first attempts engineering calcium sensors
based on the phytochrome-derived fluorescence proteins were unsuccessful. Obtaining functional
circularly permutated variants was impossible due to the phytochrome’s topology, with the N-
and C-termini far apart from each other, unlike in GFP-like proteins (personal communications).
Instead, the first near-infrared GECIs were engineered by inserting the calcium binding domain
into phytochrome-derived fluorescent proteins. In this respect, their design appears similar to
that of the NTnC-like family (Figure 1b). The GAF-FP [69] and mIFP [66] proteins were used as
fluorescent scaffolds producing GAF-CaMP [44] and NIR-GECOI1 [45] indicators containing cGMP
phosphodiesterase /adenylate cyclase/FhlA transcriptional activator (GAF) and Per-ARNT-Sim-GAF
(PAS-GAF) domains from the phytochromes, respectively [63]. While GAF-CaMP has not been yet
tested in neurons, NIR-GECO1 was shown to detect single action potentials in cultured neurons
and intact mouse brain tissue. NIR-GECOL is efficiently excited by far-red light in the range from
630 to 680 nm, enabling crosstalk free spectral multiplexing with the majority of channelrhodopsins
and other fluorescence sensors. In addition, NIR-GECO1 allowed mesoscale fluorescence imaging
of somatosensory cortex through the intact skin and skull of anaesthetized mice, although reliable
detection of fluorescent changes required averaging of multiple trials. As a first-generation indicator,
NIR-GECOI1 falls short of the most extensively optimized fluorescent protein-based GECls in several
critical performance parameters but is an exciting progression in the development of far red-shifted
calcium sensors.

An alternative method to record neuronal activity of a large number of neurons with single
cell resolution is the permanent labeling of neurons, as demonstrated by the CaMPARI calcium
sensor [70]. The CaMPARI family of light-inducible calcium sensors is based on EosFP green-to-red
photoconvertable fluorescent protein, allowing ex vivo visualization of integrated over time calcium
transients (Figure 1). The CaMPARI integrators are irreversibly and efficiently photoconverted from
a green fluorescent state to a red state by ultraviolet light (~405 nm) irradiation only in the presence
of elevated concentrations of calcium ions. The second generation of this family, CaMPARI2, is
characterized by improved dynamic range of photoconversion, brightness, faster calcium dissociation
kinetics, decreased photoconversion rate in inactive neurons, and compatibility with paraformaldehyde
fixation [40]. In addition, the authors introduced the anti-CaMPARI-red antibody that specifically
recognizes the photoconverted red form and thus allows immunohistochemical amplification of
calcium signal in fixed cells or tissue. The CaMPARI2 indicator enables acquisitions of snapshots of
calcium as a proxy for neuronal activity integrated during 30 seconds in the brain of zebrafish from
up to 6000 individual neurons. In this respect CaMPARI integrators are comparable with CaMP and
GECO indicators which allow simultaneous two-photon imaging of calcium activity over 10,000 cells
in visual cortex of mice with 2.5 Hz rate [71]. In spite of great progress in the development of the
CaMPARI sensors, they provide only a single snapshot of neuronal activity acquired during tens of
seconds and require irradiation with highly phototoxic ultraviolet light, which also suffers from poor
depth penetration in live tissue.

A significant step forward was made for improving the class of calcium sensors that employs
bioluminescence resonance energy transfer (BRET) phenomenon [72]. The newly-developed
BRET-based LUCI-GECO1 indicator combines the bright NanoLuc luciferase with emission maximum
at 460 nm with the topological version of GCaMP6s indicator (ncpGCaMP6s; Figure 1b) [46].
In comparison to the previously developed BRET-based GECIs, LUCI-GECO1 was characterized
by slightly wider dynamic range and higher brightness. Due to the lack of need for illumination for
fluorescence excitation, LUCI-GECO1 enables straightforward multiplexing with optogenetic tools,
such as channelrhodopsins. While BRET-based calcium sensors hold great promise for noninvasive
imaging in mammals, their application in vivo has not yet been demonstrated.
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3. Potassium Indicators

Sodium and potassium are important physiological ions crucial in maintaining and regulating
membrane potentials in neurons. In neurons at rest, cytoplasmic sodium levels are an order of
magnitude lower than extracellular (~10 mM intracellular vs ~150 mM extracellular) [73]. During an
action potential, intracellular sodium levels transiently increase [74,75], and because sodium is the
major current carrier of glutamate-gated voltage changes, noninvasive optical imaging of sodium
would enable the visualization of a key correlate of excitatory synaptic transmission. Potassium is also
a crucial regulator of cell excitability [76,77]. At rest, cytoplasmic potassium levels are high, but during
an action potential, there is a potassium efflux, the change in the absolute number of ions is relatively
modest [76,77]. Noninvasively recording potassium at single cell resolution would offer an important
proxy to neural activity. Unfortunately, there are no genetically-encoded sodium sensors developed to
date, and genetically-encoded potassium sensors are only an emerging class of optical probes. We note
that an important part of the difficulty in engineering potassium and sodium sensors—compared to
calcium sensors—is that while calcium concentrations during an action potential change by more than
four orders of magnitude, changes in potassium and sodium concentrations during an action potential
are only one order of magnitude. Thus, imaging potassium and sodium is inherently more difficult
than imaging calcium transients owing to the more subtle changes in ion concentration.

Genetically-encoded potassium indicators (GEPI) are currently represented mainly by three
Forster (fluorescence) resonance energy transfer (FRET)-based indicators (Figure 1c; Table 1). All three
GEPIs share the same Kbp protein from E. coli as a potassium binding domain and utilize CFP/YFP
fluorescent FRET-pairs to register conformational changes in the Kbp part [47,48]. Since GEPI
dissociation kinetics from potassium ions is limited by hundred milliseconds, they are not appropriate
for the detection of fast potassium dynamics during neuronal activity. Meanwhile, GEPIs were
successfully applied to monitor slower potassium transients in different cellular compartments in
cultured cells. Thus, further development of faster and non-FRET-based variants of GEPIs with higher
dynamic range are in high demand.

4. Voltage Sensors

Voltage changes are the primary means of millisecond-scale computation in neurons because
they enable sophisticated fast dendritic computations and rapid transmission of signals across long
distances [78]. Voltage changes are the most direct measure of a neuron’s electrical potential [79].
Therefore, optical voltage sensors are an ideal method to noninvasively measure electrical activity
at single cell resolution. However, despite recent progress in development of new voltage sensitive
probes [60,65,80-82], voltage imaging still remains technically more challenging than calcium imaging.
One of the major challenges is associated with the sub-millisecond timescale of membrane potential
changes during neuronal activity. Subsequently, voltage imaging requires kHz acquisition rates to
resolve brief voltage changes upon action potentials, while calcium imaging is typically performed at 1
to 10 Hz. Although currently available scientific-grade cameras can perform imaging at kHz rates,
these high speed result in pixel counts reduced by an order of magnitude than those commonly used
for calcium imaging. Furthermore, compared to the GECIs expressed in the bulk cytosol, the maximum
number of voltage sensor molecules that can be localized on plasma membrane is several orders of
magnitude smaller. These factors significantly reduce the number of photons integrated during each
acquired frame making fluorescence signal increasingly difficult to distinguish cells from background
fluorescence in brain tissue.

The first proof of principle of a fully genetically-encoded voltage sensor was reported in 1997 [83],
followed by almost two decades of intensive protein engineering efforts to develop a fluorescence
sensor capable of reporting neuronal activity with single cell, single spike resolution in awake mice [84].
To date a number of improved and newly engineered genetically-encoded voltage indicators (GEVIs)
with diverse spectral and biophysical characteristics reached the level of performance sufficient for
in vivo imaging with high temporal precision at single-cell resolution in awake mice surpassing
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beyond “proof of principle” applications (Table 2). Currently, the majority of developed GEVIs
are based on two types of voltage-sensitive moieties: microbial rhodopsins and voltage-sensing
domains (VSDs) from voltage-sensitive phosphatases. Naturally-occurring and engineered microbial
rhodopsins have already found widespread application in neuroscience due to their ability to optically
control electrical activity of genetically targeted neurons [85]. Photoactivated rhodopsin translocates
ions across the plasma membrane thus modulating membrane potentials, usually in a predictable
manner [86-88]. Several years ago, Adam Cohen’s group made a discovery that paved the way
for the utilization of opsins not only for manipulating membrane potential but also for observing
changes in voltage across the plasma membrane. His group showed that one class of opsins,
light-driven proton pumps, can work in reverse, i.e., emitting light in response to membrane voltage
alternations [89,90]. Indeed, spectroscopic studies of the proton pumping mechanism in rhodopsins,
cloned from archaea and bacteria, revealed a complex spectroscopic photocycle involving multiple
intermediates with diverse absorption spectra [89-91]. Certain transitions between intermediates
appeared to be voltage dependent while occurring at submillisecond time scales [92]. Furthermore, a
single point mutation in the chromophore vicinity of proton pumps was enough to almost completely
abolish light-driven currents while retaining their voltage dependent spectral changes. Altogether,
these features confer optical recording of membrane potential dynamics at biologically-relevant
temporal resolution via probing opsin absorption spectrum. Voltage modulated spectral changes, or the
so called electrochromic effect, can be read-out via nonradiative quenching of an attached fluorescent
moiety, a form of FRET [93,94]. Using electrochromic FRET (eFRET) approach, a palette of GEVIs with
fluorescence ranging from green to red were engineered by appending various fluorescent proteins to
the C-terminus of the proton pumping microbial opsins [80,84,95,96] (Figure 2a). The first generation
of eFRET-opsin voltage sensors, incorporating Mac and Arch proton pumps [97] as voltage-sensing
scaffolds, can report single action potentials in cultured neurons with a moderate signal-to-noise ratio
(7-9 at 1 kHz acquisition rate) [95,96]. However, these sensors suffer from poor membrane localization
and relatively slow kinetics, on the order of few milliseconds, that precluded their adaptation by
the neuroscience community. Substantial improvement in overall performance was achieved by
utilizing the blue-shifted Acetabularia acetabulum rhodopopsin (Ace) [98] in fusion with the very bright
green fluorescent protein mNeonGreen. The resulting group of GEVIs, usually collectively called
Ace2N-mNeon (2N stands for the point mutation abolishing proton pumping), is characterized by
high brightness, moderate photostability, and submillisecond kinetics, providing high spike detection
fidelity under wide-field microscopy in both ex vivo and in vivo preparations [84]. For example, the
Ace2N-4aa-mNeon variant, containing four amino acids in the linker between Ace and mNeonGreen,
was demonstrated to report single action potentials in individual neurons in the primary visual cortex
of awake mice (Table 1). In turn, a variant with a shorter linker, Ace2N-2aa-mNeon, was able to detect
odor-evoked voltage signals in single olfactory projection neurons and their dendritic arbors and
axonal boutons in live fruit flies.

Table 2. Performance of selected genetically-encoded and hybrid fluorescent voltage sensors.

Sensor Ex/Em AF/Fpp SNR On Kinetics®  Off Kinetics®  Number of Simultaneously Ref
(nm) (%) (ms) (ms) Imaged Neurons In Vivo
Ace2N-4aa-mNeon  506/517 —6.5 ND 0.37 (58)/5.5 0.5 (60)/5.9 2 in primary visual cortex L2/3 [84]
ASAP3 485/510 —10b 19b 0.94 (72)/7.2 3.8(76)/16 1in primary visual cortex L1 [81]
and L2/3
Voltrons;s 525/549 —65P 27b 0.64 (61)/4.1 0.78 (55)/3.9 46 in primary visual cortex L1 [82]
VARNAM 558/592 —4.8 12 09/5.2 0.8/4.7 Aggregated population signal [80]
QuasAr2 590/715 15 8.5 0.3(62)/3.2 0.3/(73) 4.0 14 in mouse nodose ganglia [99]
paQuasAr3 590/715 230 28b 0.9 (57)/15 0.93(79)/15 6 in hippocampus [60]
Archonl 590/715 530 37b 0.61(88)/8.1¢ 1.1(88)/13°¢ 18 in CA1 hippocampus [65]

Ex—excitation wavelength; Em—emission wavelength; SNR—signal-to-noise ratio per single action potential
measured in intact mouse brain slice at 22 °C under wide-field microscopy at 500 Hz acquisition rate; ND—not
determined. ® voltage kinetics evaluated by bi-exponential fitting (in the format fast/slow), where the value in
parentheses represents the % of current magnitude in the fast T component, measured in HEK cells at 34 °C; ® values
measured for soma localized version of the sensor; ¢ measured in cultured neurons.
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Coupling Ace2N with the bright fluorescent protein mRuby3 led to the development of a
red-shifted GEVInamed VARNAM [80], which inherited the fast kinetics of Ace2N and high brightness
and photostability of mRuby3. However, despite a single point mutation that presumably improved
eFRET efficiency by red-shifting absorbance spectrum of Ace2N, VARNAM exhibits lower voltage
sensitivity than other advanced GENIs suitable for in vivo imaging (Table 1). For example, averaging
up to 10 optical trails was required to resolve evoked excitatory and inhibitory postsynaptic potentials
using VARNAM in intact brain tissue [80]. In live mice, VARNAM was able to track cell-type specific
oscillatory dynamics for subsets of neurons in somatosensory and frontal cortex and CAl of the
hippocampus using the fiberoptic imaging. In addition, VARNAM reported spontaneous neuronal
activity with single spike precision in multiple cell types in live fruit flies.

Another recently developed fluorescent voltage sensor utilizing Ace2N as a voltage sensing
domain is Voltron [82]. While Voltron is not a fully genetically-encoded probe, but rather a
chemogenetic or hybrid voltage sensor, we discuss it here in comparison with other GEVIs due
to its high performance in multiple species in vivo, including mice, zebrafish, and fruit flies. Voltron
combines Ace2N with a self-labeling protein tag domain that covalently binds improved rhodamine
dyes such as the Janelia Fluor® (JF) dyes [100] (Figure 2b). While a palette of JF dyes with emission
maxima ranging from 505 to 635 nm were shown to work well with Voltron in cultured neurons,
the Voltron/JF525 combination exhibited the highest voltage sensitivity and, thus, used for all
further in vivo applications. To perform voltage imaging in vivo in mice, Voltron was fused to the
soma-localization motif from the Kv2.1 potassium channel [101] to reduce neuropil fluorescence
contamination thus improving single cell resolution, similarly to the strategy previously used to enable
single-cell precision optogenetics [102,103]. Using a simple wide-field imaging set-up, soma-localized
Voltron reported single action potentials in hippocampal parvalbumin neurons and visual cortex
pyramidal neurons in awake mice. Particularly impressive was the ability to perform single spike
detection in up to 46 GABAergic neurons in visual cortex layer I imaged simultaneously for over 15
minutes (Table 2). Voltron also retained its high performance in live zebrafish and fruit flies, reliably
reporting single action potentials. Voltron relies on bright synthetic dyes delivered exogenously.
While dye administration is straightforward, even for mice, easily passing through the blood brain
barrier, quick internalization and accumulation of the JF dyes in the cytoplasm of the cells create
high background fluorescence, significantly reducing imaging quality. Development of new dyes that
fluoresce only upon binding to the HaloTag will significantly improve Voltron class of GEVIs.

Among all tested light-driven proton pumps, Arch uniquely possesses dim near-infrared
fluorescence under strong red laser excitation [90]. Furthermore, Arch fluorescence intensifies as
membrane potential increases. The mechanism of this voltage sensitive fluorescence is still poorly
studied, but might involve chromophore protonation [92]. Hochbaum et al. subjected Arch to
directed molecular evolution to improve its brightness and voltage sensitivity [59]. The result, dubbed
QuasAr?2, is capable of reporting single action potentials with high temporal resolution in intact
brain tissue and even in mouse nodose ganglia in vivo [99] (Table 2). Near-infrared fluorescence
and high voltage sensitivity of QuasAr2 enabled the recording of optogenetically-triggered synaptic
inputs in single trials to probe synaptic strength in intact brain tissue [27]. However, due to its
extremely low brightness, requiring up to three orders of magnitude higher light intensity than for GFP
imaging, QuasAr2 did not become a widely used tool. Subsequent enhancement of QuasAr2 brightness
generated several variants with distinct biochemical and photophysical characteristics (Figure 2c).
For example, Adam Cohen’s group developed a blue light activated version of QuasAr, named
NovArch [104] and paQuasAr3 [60]. Near-infrared fluorescence of NovArch and paQuasAr3 can be
reversibly enhanced by blue illumination without affecting voltage sensitivity (Table 2). This blue light
enhanced brightness of paQuasAr3 is sufficient to perform population voltage imaging with single cell
resolution in hippocampal cells of awake mice. At the same time, it complicates combining voltage
imaging with optogenetic control by channelrhodopsins. In another study, significant improvement
of near-infrared brightness was achieved by implementation of a robotic multidimensional directed
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evolution approach [65]. Large libraries, up to tens of millions of independent clones, expressed in
mammalian cells were screened for improved brightness and localization using robotic cell picker.
Selected variant Archonl exhibited several fold higher fluorescence and nearly ideal membrane
localization in neurons when expressed in vivo in mice, zebrafish, and worms. The soma-localized
version of Archonl enabled population voltage imaging in striatum, cortex, and hippocampus of
behaving mice under a cheap and simple wide-field imaging set up (personal communication).
In addition, Archonl was the first reported GEVI to report single action potentials in zebrafish
larvae. Despite several generations of improved Arch-derived voltage sensors, the sensors still suffer
from very low fluorescence brightness in comparison to other classes of GEVIs.

In the past few years the field of GEVIs was strongly dominated by opsin-based sensors,
however, opsin-based sensors all share one disappointing limitation: they do not exhibit voltage
sensitivity under two-photon excitation. Although fundamentally and technically more challenging
than wide-field imaging, two-photon microscopy offers increased imaging depth with higher spatial
resolution in scattering tissue. For example, two-photon microscopy has been used for subcellular
voltage imaging in live fruit flies using GEVIs [105-107] as well as dendritic [108] and somatic [109]
voltage using chemical dyes. The development of the improved version of the ASAP sensor [110],
named ASAP3, enabled two-photon voltage imaging in awake mice using a fully genetically-encoded
probe [81]. The ASAP family of GEVIs is based on the insertion of a circularly permuted EGFP into the
voltage-sensing domain from Gallus gallus of voltage-sensitive phosphatases between the third and
fourth transmembrane domains (Figure 2d). ASAP3 development involved random mutagenesis of
the linkers between circularly permuted EGFP and voltage-sensing domain to optimize coupling of
four transmembrane helix movement during depolarization to chromophore protonation. Using the
soma-localized version of ASAP3, Chavarha et al. performed reliable voltage imaging with single cell
single spike resolution in visual cortex at a depth up to ~130 um. Improved performance of ASAP3
compared to its precursors can be partially attributed to its kinetics. ASAP3 has a submillisecond on
rate, but several-fold slower off kinetics, unlike opsin-based sensors (Table 2). This combination of
kinetic parameters results in significant boarding of optical action potential waveforms thus increasing
the effective number of photons emitted during spikes. However, fast two-photon imaging is still
limited to a small imaging area and recording of more than one cell at a time still represent significant
technical challenge. Additionally, wide-field imaging of opsin-based sensor is more cost efficient.
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Figure 2. Molecular design of selected genetically-encoded and hybrid fluorescent voltage indicators.
(a) eFRET-opsin voltage sensors Ace2N and VARNAM. (b) Hybrid eFRET-opsin voltage sensor Voltron.
(c) Opsin-based voltage sensors Archonl and paQuasAr3. (d) VSD-based voltage sensor ASAP3.

5. Neurotransmitter Indicators

Neurons communicate with one another using chemical messengers called neurotransmitters.
Neurotransmitters are released by a pre-synaptic cell via vesicle-mediated exocytosis into the synaptic
cleft [111], where they reach concentrations in the high micromolar range [112]. Here, neurotransmitters
bind to receptors on the post-synaptic cell, initiating second messenger signaling cascades (via
metabotropic receptors) or evoking ion flux (via ionotropic receptors) [113], and are subsequently
cleared on the millisecond time scale from the post-synaptic cleft by neurotransmitter transporters [114].
In addition to classical neurotransmitters, including glutamate [115], gamma-aminobutyric
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acid (GABA) [116], and other biogenic amines [117], neurons also signal using non-classical
neurotransmitters, such as peptides [118], endocannabinoids [119], and even gases [120]. Recent
advance in protein engineering have yielded a number of fully genetically-encoded fluorescent sensors
enabling real time optical detection of a few key neurotransmitters with high specificity and sensitivity
within the intact brains of several model organisms.

All genetically-encoded neurotransmitter indicators (GENISs) utilize two types of ligand-binding
proteins as sensing moieties, either periplasmic-binding proteins (PBP) or G protein-coupled receptors
(GPCRs; Figure 3). PBPs are bacterial non-enzymatic receptors with specificity for a wide variety of
small molecule ligands, including neurotransmitters. Upon ligand binding, PBPs undergo significant
conformational changes [121] sufficient to modulate fluorescence of covalently bound optical probes
thus providing versatile scaffolds for fluorescence biosensor engineering [122-124]. To date, PBPs
have been used to develop three different classes of genetically-encoded neurotransmitter indicators
(GENIs) specialized for the optical detection of glutamate, GABA, and glycine. The first GENIs,
FLIPE and superGIluSnFR, capable of reporting transients of the chief excitatory neurotransmitter
glutamate in cultured neurons, were engineered by fusing the glutamate PBP GItI from Escherichia
coli (also known as ybe]) with a FRET pair of cyan fluorescent protein (CFP) and yellow fluorescent
protein (YFP) [125,126]. However, a relatively low signal-to-noise ratio, an inherent drawback for
most of FRET-based sensors, significantly limited applications of FLIPE and superGluSnFR in vivo.
A breakthrough in imaging glutamate transients in vivo was achieved with the development of a single
FP-based sensor, iGluSnFR [127], boasting a positive intensiometric fluorescence response (Table 3).
iGluSnFR was constructed by insertion of a circularly permuted (cp) EGFP into the interdomain
hinge region of GltI with further optimization of linkers between cpEGFP and GltI to improve the
fluorescence dynamic range (Figure 3a). For expression in neurons, iGluSnFR is targeted to the
extracellular side of the plasma membrane by fusion with a PDGFR peptide segment, similar to the
first generation of glutamate sensors [125,126]. Two-photon microscopy of iGluSnFR allowed single
trial recordings of glutamate transients at single dendritic spines as well as dendritic branches in the
primary motor cortex of awake behaving mice [127]. In addition, iGluSnFR reliably reported synaptic
activity in vivo in zebrafish and the nematode Caenorhabditis elegans [127]. However, due to its slow off
rate, with a reported decay half-time of 92 ms, iGluSnFR failed to resolve fast transients associated with
local glutamate release during external electrical stimulations of neurons higher than 10 Hz [128,129],
highlighting a clear need for a glutamate sensor with improved biophysical characteristics.
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Figure 3. Molecular design of genetically-encoded neurotransmitter indicators. (a) PBP-based
glutamate and GABA sensors. (b) PBP-based glycine sensor. (c) GPCR-based dopamine, acetylcholine,
and norepinephtine sensors. (d) iTango2 system for dopamine detection.
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Table 3. Characteristics of selected genetically-encoded fluorescent neurotransmitter reporters.

Sensor Ligand Ex/Em AF/F (%) | Kq (uM) | On Off In Vivo Imaging Ref
(nm) Kinetics | Kinetics
(ms) (ms)
iGluSnFR Glu? 490/510 100 49 15 92 Single dendritic [127]
spines
SF-iGluSnFR-A184S | Glu? 490/510 69 0.6 85 450 Single dendritic [130]
spines
SF-iGluSnFR-S72A Glu? 490/510 250 34 5 11 Single dendritic [130]
spines
SF-Venus-iGluSnFR | Glu? 515/528 66 2.0 ND ND Single dendritic [130]
spines
iGluy Glu? 490/510 170 53 0.7 3 Not tested [129]
R-iGluSnFR1 Glu? 562/588 —33 18 ND ND Not tested [131]
iGABASNFR GABA 485/510 10° ~9b ~25¢ ~60° Aggregated [132]
neuropil imaging
GlyFs Gly 434/477 28.3 28 ND ND Not tested [133]
515/528 19.0 21
(FRET)
dLight1.1 DA 490/516 2304 0334 ND ND Aggregated signal [134]
dLight1.2 DA 490/516 3404 0.774 9.5¢ 90 ¢ Aggregated signal [134]
GRABpA1m DA 490/510 90 0.13 80°¢ 3100 © Aggregated signal [135]
GRABpa1h DA 490/510 90 0.01 110°© 17,150 © Aggregated signal [135]
GACh2.0 ACh 490/510 90 2 2804 760 d Single neurons with [136]
15 trails averaging
GRABNEIm NE 490/510 230 19 724 680 4 Aggregated signal [137]
GRAByg1n NE 490/510 150 0.093 364 1890 9 Not tested [137]
iTango2 DA 488/507 900 ND ~10°-10° NA Single neurons [138]
554 /581

Ex—excitation wavelength; Em—emission wavelength; AF/F—maximally achievable fluorescence changes between
ligand-free and ligand saturated states; Kq—ligand dissociation constant measured for cultured neurons expressing
corresponding sensor, unless otherwise stated; ND—not determined; NA—not applicable. * shows similar affinity
for Asp; P characterized in vitro; ¢ estimated from the trace for one action potential in cultured neurons presented in
the corresponding publication; ¢ measured in HEK cells; © measured in acute brain slice.

Further optimization of iGluSnFR by rational design resulted in variants with improved
brightness, kinetics, and altered glutamate affinity. The substitution of cpEGFP with a circularly
permutated version of superfolder GFP (cpsfGFP) significantly enhanced brightness and photostability
giving rise to a new series of the SF-iGluSnFR glutamate sensors [130] (SF stands for superfolder
GFP used as reporting moiety; Figure 3a). Subsequent mutagenesis of the GItI domain in
SF-iGluSnFR generated two variants, named SF-iGluSnFR-A184S and SF-iGluSnFR-S72A, which
exhibit higher affinity and faster kinetics, respectively, compared to the original iGluSnFR [130] (Table 3).
The SF-iGluSnFR-A184S variant significantly outperformed iGluSnFR in detecting stimulus-evoked
glutamate release at individual dendritic spines imaged in neuropils of the visual cortex under
two-photon excitation. In turn, the faster off rate of SF-iGluSnFR-S72A enabled almost an order
of magnitude higher temporal resolution than was previously achievable with original iGluSnFR.
For example, SF-iGluSnFR-S72A fluorescence was able to resolve synaptic responses in brain tissue
during single action potentials evoked at frequencies up to 100 Hz. Even higher temporal resolution
was achieved by the iGluSnFR-S72T point mutant, named iGluu (u stands for “ultrafast”) [129], which
was able to resolve responses at single synapses in hippocampal slices during single action potentials
evoked even at frequencies of 100 Hz. However, it showed about 1.5-fold lower sensitivity than
SF-iGluSnFR-S72A under similar imaging conditions (Table 3). Overall, the kinetics and sensitivity of
SF-iGluSnFRs and iGluu make them superior to the fastest green calcium sensor GCaMP6f in terms of
monitoring presynaptic activity, as was demonstrated for granule cell axons within mouse cerebellar
brain slices.

Mutagenesis of the fluorescence moiety of iGluSnFRs enabled diversification of the spectral
properties of the glutamate sensor, highlighting the versatility of its molecular design. Introduction of
point mutations in the chromophore forming tripeptide led to SF-iGluSnFR variants with blue (emission
peak ~450 nm), cyan (emission peak ~475 nm), and yellow (emission peak ~530 nm) fluorescence [130].
On the other hand, substitution of cpEGFP with cpmApple from the R-GECO1 calcium sensor resulted
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in the R-iGluSnFR glutamate sensor with red emission peaked at ~590 nm [131]. Despite subsequent
intense optimization by random mutagenesis resulting in an additional 12 amino acid mutations
throughout the protein, performance of R-iGluSnFR is far inferior to that of green glutamate sensors,
with a dynamic range of only -33% compared to 250% for SF-iGluSnFR-S72A, thus precluding its
in vivo application. Among chromatic variants of iGluSnFR, only the sensor with yellow emission,
SE-Venus-iGluSnFR, was utilized for in vivo imaging in mouse visual cortex. The major advantage
of SF-Venus-iGluSnFR over green fluorescence sensors for glutamate is its high brightness under
two-photon excitation at 1,030 nm, compatible with powerful femtosecond fiber lasers, which are
gaining popularity in the neuroscience community due to their affordability and usability. Currently,
fluorescent sensors for glutamate represent the most diverse group of GENIs, however, the most
practical variants are still limited to green fluorescence.

The versatility of the PBP-based sensor design was also demonstrated by the development of
green fluorescent sensors for the chief inhibitory neurotransmitter GABA, called an intensity-based
GABA Sensing Fluorescence Reporter or iGABASNFR [132] (Figure 3a). Marvin et al. used the newly
identified PBP Pf622 cloned from Pseudomonas fluorescens [139] as a GABA-binding domain. The initial
version of the sensor, created by insertion of cpsfGFP into the Pf622 domain, was further optimized by
side-directed mutagenesis to increase affinity and sensitivity (Table 3). The iGABASnFR was shown to
report GABA release events over large volume of brain tissue in vivo in mouse visual cortex and in
zebrafish cerebellum with sub-second kinetics, although with rather low fluorescence changes at just
10%. While iGABASNFR is a solely available fully genetically-encoded sensor for GABA, it will most
likely require further optimization to enhance affinity, kinetics, and sensitivity before it can be widely
adopted by the neuroscience community.

Development of the PBP-based sensor for Gly appeared to be more challenging. The wild-type PBP
Atu2422 from Agrobacterium tumefaciens, selected as a binding domain for glycine sensor development,
also displays promiscuous binding for L-serine and GABA [140]. To increase specificity of Atu2422,
Zhang et al. employed computationally-guided mutagenesis. Introducing steric obstructions into the
ligand-binding site of Atu2422 produced a binding domain highly selective for glycine. Fusing the
engineered binding domain with CFP-YFP FRET pair, but not with cpEGFP as in iGluSnFR, resulted in
the functional glycine sensor, denoted GlyFS, characterized by ~28% of fluorescence dynamic range
(Table 3). Membrane targeting of GlyFS via a PDGFR peptide fusion, as used for the iGluSnFR and
iGABASNFR sensors, reduced dynamic range to 4%, which is 7-fold lower than that in vitro, due
to inefficient membrane trafficking of the protein. Instead, extracellular space immobilization was
performed through a biotinylation-based technique that anchors proteins to the outer side of the
plasma membrane (Figure 3b). Taking advantage of the GlyFS ratiometric response, the authors
performed measurements of the absolute concentration of Gly in brain slices revealing dependency of
Gly concentration on animal age. The suggested immobilization technique requires biotinylation of
cell surface in intact brain tissue with subsequent delivery of the GlyFS sensor and streptavidin [141].
While the biotinylation-based technique was demonstrated to be compatible with tumor imaging in
live mice [142], it might not be feasible for neuroimaging in vivo thus limiting GlyFS application to
in vitro and ex vivo preparations. The GlyFS engineering is an inspiring example showing that PBPs
are flexible templates for generating diversity of binding domains. Nevertheless, GlyFS still requires
further development to increase its usefulness and applicability for neuroscience research.

The second class of ligand-binding domains utilized for GENI engineering is represented by
GPCRs. GPCRs share a highly conservative 3D structure comprising of seven «-helix transmembrane
domains (TM) and constitute the majority of receptors with high specificity for endogenous
neurotransmitters. Structural studies indicate that the largest conformation changes upon ligand
binding to GPCRs by occurs at the cytosolic end of TM6. The o-helix of TM6 can undergo more than 6
A shift outwards from the helix bundle center at the same time initiating the 2-3 A shift of TM5 [143,144].
For this reason, the third intracellular loop, located between TM5 and TM6, is a primary target for
insertion of reporting moieties to engineer GENIs. Indeed, first generation of GPCR-based sensors
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was constructed by insertion of FRET donors and acceptors into the third intracellular loop and at the
shortened C terminal domain [145-148]. The FRET-based sensors exhibited good specificity and affinity
to agonists as well as adequate kinetics, however, their utility for in vivo imaging is limited due to the
relatively modest ~10%, changes in FRET signal. Very recently, an alternative design of GENIs was
suggested to overcome this limitation. Incorporation of the conformationally sensitive cpEGFP into the
third intracellular loop enabled over an order of magnitude larger fluorescence changes during GPCR
activation than for the FRET-based sensors while preserving high specificity and reasonable kinetics
of fluorescence response (Figure 3c). Typically, this engineering strategy involves three consecutive
steps: (i) optimization of the insertion site within third intracellular loop of GPCR; (ii) optimization
of the linkers between cpEGFP and GPCR; (iii) tuning ligand affinity by point mutations within the
ligand-binding pocket. Moreover, the bulky cpEGFP moiety introduced into the intracellular loop
almost completely demolish coupling with major GPCR downstream pathways, presumably due
to the steric hindrance imposed for G protein or arrestin interaction with the GPCR [149,150]. As a
result, this design strategy was successfully exploited to develop a series of GPCR-based sensors
suitable for in vivo imaging of dopamine (DA), acetylcholine (ACh), and norepinephrine (NE), also
called noradrenaline (NA), in multiple model organisms. In addition, as a proof of concept a class of
sensors for other neuromodulators and neuropeptides were engineered using Gs-coupled $1 and (32
adrenergic receptors, Gij-coupled k and p-type opioid receptors, and Gq-coupled serotonin receptor-2A
and melatonin type-2 receptor [134].

Two groups in parallel independently developed green fluorescence DA sensors with similar
biochemical characteristics (Table 3). Patriarchi et al. reported a series of DA sensors, called
dLight, developed based on the human Dopamine Receptor D1 (DRD1) [134]. Two variants in
this series, dLightl.1 and dLightl.2, showed optimal combination of apparent DA affinity and
sensitivity and were used for in vivo imaging in behaving mice (Table 3). The higher affinity dLight1.1
sensor enabled visualization of spontaneous and optogenetically evoked dopamine transients in
the nucleus accumbens by recording aggregated fluorescence signal from multiple cells using fiber
photometry. Under these imaging conditions, dLight1.1 could report both activation and inhibition
of dopamine transients resolving individual spikes at up to 5 Hz stimulation frequency. Higher
spatial resolution of dopamine imaging was achieved under two-photon microscopy of dLight1.2
expressed in layer 2/3 neurons of the cortex during a visuomotor learning task. Two-photon
imaging with micron-resolution revealed a dopamine transient map with functionally heterogeneous
dopamine signals in the cortex. In contrast, utilizing Dopamine Receptor D2 (DRD2) as a sensing
moiety, Sun et al. developed a pair of alternative dopamine sensors, named genetically-encoded
GPCR-activation-based-DA sensors (GRABp,) [135]. Overall, in comparison to the dLight sensors,
two selected variants, GRABpa1m and GRABpa1m, are characterized by several fold smaller dynamic
range and slower kinetics but higher apparent affinity to DA (Table 3). Similar to the dLight sensors,
the signal-to-noise ratio and temporal resolution of GRABpa were sufficient to record the dynamic
bi-directional changes during DA activation and inhibition in dorsal striatum and nucleus accumbens
in behaving mice using fiber photometry. In particular, imaging GRABp, in nucleus accumbens
revealed a time-locked DA elevation aligned to various sexual behaviors, confirming an important role
of DA in behavioral motivation, anticipation, or arousal. In addition, the GRABpa sensors were shown
to readily respond to visually induced DA release in the intact brain of the zebrafish larvae as well
as reveal compartmentalized DA dynamics in the mushroom body of fruit flies with single neuron
resolution. In summary, two groups of the currently available DA sensors demonstrated comparable
performance in vivo and selection of a particular variant have to be determined based on the exact
intended application.

Similar design approaches enabled the development a pair of NE sensors with altered ligand
affinity based on the x-adrenergic receptor (a2AR) [137]. Two NE sensors, named GRABNg1m, and
GRABNg11, are characterized by micromolar and nanomolar apparent affinity for NE, respectively, and
exhibit several fold increase in fluorescence upon NE binding when measured in cultured cells (Table 3).
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Due to its slightly higher dynamic range, GRABNg1m is the preferred variant for in vivo imaging.
For example, GRABNE1m allowed reliable detection of NE release in locus coeruleus and hypothalamus
in freely moving mice using fiber photometry. In addition, confocal imaging of GRABNE1m-expressing
neurites in the optic tectum of zebrafish revealed a time-locked increase in green fluorescence during
looming stimuli.

Utilizing the human muscarinic acetylcholine receptor 3 as a sensing moiety enabled development
of green fluorescence sensor for ACh, named GACh2.0 [136]. While GACh2.0 exhibited similar
dynamic range to that of the GRABp4 sensors and adequate affinity in cultured cells (Table 3), its
in vivo performance was not sufficient for single-trial imaging of the ACh transients when tested
under two-photon microscopy in visual cortex in mice. Nevertheless, in intact brain tissue GACh2.0
showed ~5% fluorescence changes in a single trial in medial entorhinal cortex during multiple pulses
of electrical stimulation, though single pulse stimulation still could not be detected. The poor in vivo
performance of GACh2.0 can be attributed to severe sensor mislocalization when expressed in brain
tissue; further improvement will certainly require optimization of membrane trafficking in vivo.
Furthermore, GACh2.0 activation exhibited downstream coupling to Gq-dependent calcium signaling.
While the coupling was about seven-fold smaller compared to wild-type M3R, it still was much
higher than for other analogous GPCR-based neurotransmitter sensors. Therefore, the Sindbis viral
expression system, which permitted a more rapid (~18 h) and robust expression, was used for the
GACh2.0 expression in brain slices and in vivo, while other GPCR-based GENIs were shown to be
performing well with the widely used adeno associated virus (AAV) gene delivery.

Activation of the native downstream-coupled pathways by GPCR-based GENIs is usually an
undesired drawback due to potential artifacts. However, it is possible to engineer GPCR-coupled
downstream pathways for optical signal activation, for example, by inducing the expression of a
reporter gene [151-153]. One such fully genetically-encoded system is the Tango assay. The Tango
system couples a transcription factor to a GPCR receptor via a specific tobacco etch virus (TEV)
protease—sensitive cleavage site. The GPCR activation recruits TEV protease fused to -arrestin,
which releases tethered transcription factor (tTA) by cleavage TEV site, initiating expression of a
reporter gene [152]. Signal amplification via gene expression enables single-cell resolution detection
of neurotransmitter release with nanomolar sensitivity. Recent modification of the Tango system,
named DRD2-iTango2, enabled its application for in vivo detection of DA release in the mouse nucleus
accumbens during locomotion. DA release was read out by GFP expression activated via dopamine
receptor 2. As a main difference to the first generation Tango systems, iTango2 incorporated improved
light-inducible dimer [154] (iLID; Figure 3d). This modification prevented access by TEV protease in
the dark state thus significantly improving signal-to-noise ratio and reducing background fluorescence,
thus overcoming the main caveats of the original Tango system. As a result, iTango2 represents
three-component fully genetically-encoded system with highly modular design (Figure 3d), that can be
easily adopted to the end user needs. For example, the iTango2 system was demonstrated to work well
in cultured cells with various GPCRs, such as neuropeptide Y receptor type 1, cannabinoid receptor
type 1, and serotonin receptor 1A. At the same time, iTango2 can be designed to conditionally express
any gene of interest. For instance, using a light-driven chloride pump as a downstream expressing
gene it was possible to gain optogenetic control over the behavioral relevance of a temporally and
genetically identified population of neurons. In comparison to the most of the GENIs described above,
the iTango2 system enables read out with single cell resolution, rather than recording aggregated
signal from multiple cells expressing sensor (Table 3). However, higher spatial resolution comes at
the cost of significantly reduced temporal resolution, on the order of tens of minutes, as well as the
inability to record inhibition of neurotransmitter release. In addition, DRD2-iTango requires efficient
co-expression of three genes packed into the separate AAVs that may impose optimization of multiple
AAV co-expression for different cells types and brain regions.
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6. Conclusions

Genetically-encoded sensors are indispensable tools for neuroscientists because they enable the
study of neural population dynamics, circuit organization, and the activity patterns of specific cell types
and even distinct organelles. We predict sensors for key signaling molecules will continue to improve in
terms of brightness, kinetics, localization, toxicity, and red-shifted variants, expanding the toolbox for
neuroscientists in important and exciting ways. For example, expanded genome databases [155,156]
and directed evolution strategies [157,158] expand the resources available to protein engineers to
identify and optimize ligand binding domains.

The development of new imaging modalities, such as prisms to image across midline
fissures [159,160] and gradient index (GRIN) lenses to image deep brain structures [161,162], are
beginning to afford optical access to historically inaccessible brain regions, and, in combination with
the development of new sensors, facilitate more vigorous interrogation of brain function. Optical
indicators are also amenable to methods aimed at manipulating brain activity, such as optogenetic and
chemogenetic actuators, permitting the simultaneous observation and manipulation of neural activity.
Parallel advances in complementary technologies, such as brain clearing and tissue expansion [163,164],
further broaden the power and applicability of sensors to map distinct circuits [165]. Future studies
monitoring neural activity in vivo will continue to benefit from efforts to improve genetically-encoded
fluorescent sensors.
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Featured Application: This study describes the development of an optogenetic tool to control
endogenous p53 levels with blue light.

Abstract: The transcription factor p53 is a stress sensor that turns specific sets of genes on to allow
the cell to respond to the stress depending on its severity and type. p53 is classified as tumor
suppressor because its function is to maintain genome integrity promoting cell cycle arrest, apoptosis,
or senescence to avoid proliferation of cells with damaged DNA. While in many human cancers the
P53 gene is itself mutated, there are some in which the dysfunction of the p53 pathway is caused
by the overexpression of negative regulators of p53, such as Mdm?2, that keep it at low levels at
all times. Here we develop an optogenetic approach to control endogenous p53 levels with blue
light. Specifically, we control the nuclear localization of the Mmd2-binding PMI peptide using the
light-inducible export system LEXY. In the dark, the PMI-LEXY fusion is nuclear and binds to Mdm2,
consenting to p53 to accumulate and transcribe the target gene p21. Blue light exposure leads to
the export of the PMI-LEXY fusion into the cytosol, thereby Mdm?2 is able to degrade p53 as in the
absence of the peptide. This approach may be useful to study the effect of localized p53 activation
within a tissue or organ.

Keywords: Optogenetics; p53; AsLOV2; LINuS; LEXY; MIP; PMI

1. Introduction

Despite its unassuming name, p53 is an essential protein for the cell and is evolutionarily conserved
from worm to human [1,2]. Acting as a sensor of a variety of stress signals, p53 dictates life or death to
the cell, depending on whether it is able or not to cope with the stress and return to homeostasis [3].
The fundamental role of p53 in ensuring genomic integrity is better reflected in its nickname, “guardian
of the genome”. This and other epithets, such as “good cop/bad cop” or “heavily dictated dictator”,
emphasize not only its centrality in keeping proliferating cells under control, but also suggest that
p53 can have contradicting effects on the organism (like cancer prevention and aging) and is therefore
itself subjected to a tight regulation achieved by a complex cellular network [4,5]. p53 is mainly
a sequence-specific DNA-binding protein which, under normal growth conditions, is kept latent
in various ways [5,6]. The most prominent mechanism to keep p53 latent when not needed is to
maintain it at very low levels. This is achieved by a series of E3 ubiquitin ligases that target p53
for proteasomal degradation by ubiquitylating it on lysine residues [7,8]. The oncoprotein murine
double minute 2 (Mdm?2) appears to be the major negative regulator of p53 [9,10]. Beyond targeting
it for degradation, Mdm?2 inhibits p53 also by promoting its nuclear export [9] and by binding to
its N-terminal transactivation domain (TAD), which is therefore not available for binding to the
DNA [11-13]. Interestingly, the Mdm2 homologous protein, murine double minute 4 (MdmX), inhibits
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p53 via the same TAD-sequestration strategy, but lacks the ability to promote p53 degradation, despite
having a RING domain like Mdm?2 [14].

When necessity calls, i.e., upon stress signals such as DNA damage, hypoxia, or deregulated
expression of oncogenes, p53 is rapidly activated via acquisition of post-translational modifications,
some of which enable its stabilization and the consequent increase in its protein levels [5].
This post-translationally modified, stabilized p53 can then start its gene expression program. p53 target
genes mediate a plethora of cellular functions, including cell cycle arrest, senescence, apoptosis,
differentiation, and DNA repair, to name but a few [2].

Inactivation of the p53 pathway—be it through mutations of the p53 gene itself, mutations of
genes encoding key p53 regulators, and/or binding partners, or other means—is a common, if not
universal feature of human cancers. The cancers in which p53 is not mutated, but rather aberrantly
kept at low levels at all times by means of overexpressed negative regulators [15,16], have better
chances of being defeated because, if p53 levels could be brought back to normal, its target genes could
be activated. Indeed, reactivation of the endogenous p53 signaling pathway has been shown to lead to
tumor regression [17,18]. Therefore, disrupting an aberrant p53-Mdm2/MdmX interaction on a wild
type p53 background could be a promising therapy.

Another feature that would make a new therapy promising would be the ability to target it only
at the cancer cells. Indeed, the major drawback of conventional chemotherapy is the lack of specific
distribution of the drugs to the interested tissues and organs. The drugs distribute non-specifically
inside the body, leading to substantial damage of healthy cells alongside the diseased ones. To overcome
this problem, new concepts have been developed, such as delivery of chemotherapeutic drugs from
vehicles (nanoparticles, liposomes, polymeric micells, minicells, etc.) that accumulate inside cancer cells
for instance via ligand-receptor interactions [19] or that release their content locally upon illumination
with near-infrared (NIR) light [20,21].

Alongside its use in combination with chemical compounds, light has been exploited to regulate
genetically encoded photosensors within cells, giving rise to the field of optogenetics [22,23]. One
of the workhorses of optogenetics is the second light-oxygen-voltage (LOV) domain of Avena sativa
phototrophin 1 (AsLOV2 domain). In the dark, the C-terminal Jx helix of the AsSLOV2 domain is
folded and bound to the core domain [24-28] once the chromophore flavin mononucleotide (FMN)
absorbs photons of ~450 nm light, a structural rearrangement occurs within the protein triggering
the unfolding and undocking of the J& helix [24-28]. The recovery to the inactive dark state occurs
spontaneously within less than a minute [29]. This conformational change has been harnessed to
control, with light, the exposure of diverse peptides that have been appended to the Jo helix [30-32].
In particular, nuclear localization and export signals (NLSs and NESs) were photocaged within AsSLOV2
giving rise to the optogenetic tools named LINuS [33] and LANS [34] for controlling nuclear protein
import, and LEXY [35] and LINX [36] for controlling nuclear protein export.

Here we explore the possibility to use optogenetics to elevate p53 levels by disrupting its interaction
with Mdm2 and MdmX. We compare two previously published peptides, MIP [37] and PMI [38],
and find that, under our experimental conditions, only PMI results in higher p53 protein levels in
HCT116 cells. Interestingly, we discover that the peptide needs to localize to the nucleus to exert
its function. Therefore, we fuse it to LEXY and show that the PMI-mCherry-LEXY construct allows
controlling with light endogenous p53 levels in HCT116 cells. Specifically, cells kept in the dark have
higher p53 levels than cells exposed to blue light which triggers export of the PMI-mCherry-LEXY
construct into the cytosol, thereby preventing PMI to exert its function. Stabilized p53 leads to the
accumulation of the p53 target gene p21 [39,40] in HCT116 cells kept in the dark. Even if not applicable
in a therapeutic scenario in the present form—as cells with elevated p53 levels are, in this case, those left
in the dark—this approach should be useful to study the effect of having a heterogeneous p53 status
within a tissue or organ.
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2. Materials and Methods

2.1. Plasmid Generation

The plasmids expressing either p53 or thioredoxin bearing the MIP/PMI/3A peptide fused
to mCherry were constructed from pcDNA3.1(+) (ThermoFischer Scientific) by first inserting the
mCherry coding sequence between the BamHI and Xhol sites of the multi-cloning site (MCS) of
pcDNA3.1(+) and then inserting the p53 or thioredoxin coding sequence into this modified vector
between the HindIIl and BamHI sites. The NLS/NES upstream of mCherry was cloned by adding the
corresponding sequence directly into the forward primer used to amplify the mcherry gene. Peptides
were inserted as oligos into thioredoxin between Gly33 and Pro34 using golden gate cloning. Addition
of PMI-linker(GGS)-NLS sequences to mCherry, LINuS, or LEXY constructs was done using overhang
PCR. All constructs were verified by DNA sequencing. The LINuS and LEXY constructs used here
have been previously described [33,35].

2.2. lllumination of Cells with Blue Light

Cells were illuminated with 20 umol s™! m~2 of 480 nm light within the cell culture incubator
using a custom-made LED device connected to a power box (Manson HCS-3102) controlled by a
Raspberry Pi.

2.3. Cell Culture and Transient Transfection

The human colon carcinoma cell line HCT116 was kindly provided by Thomas Hofmann,
University of Mainz. HCT116 cells were maintained in phenol red-free Dulbecco’s Modified Eagle
Medium supplemented with 10% FCS (Sigma), 2 mM L-glutamine (Life Technologies) and 1% PenStrep
(Life Technologies). Cells were cultured at 37 °C and 5% CO; in a humidified tissue culture incubator.
Cells were transfected with 2500 ng total DNA (250 ng construct DNA and 2250 ng empty pcDNA3.1
(+)) using Lipofectamin 2000 according to the manufactures protocol. Mock transfected samples were
transfected with empty pcDNA3.1 (+).

2.4. Western Blot

Cells were seeded into 6-well plates and transfected as described above. For non-optogenetics
experiments, cells were kept in the dark at all times and lysed 32 h post-transfection. For optogenetics
experiments, cells were incubated right after transfection under blue light (20 pmol s~ m~2; 480 nm)
overnight. The next day, one plate was incubated in the dark (dark control), while the other plate(s)
remained under illumination. 24 h later, cells were collected in ice-cold lysis buffer (20 mM Tris-HCl
pH 7.4, 1% Triton X.100, 10% glycerol, 150 mM NaCl, 1% phenylmethylsulfonyl fluoride, 1% benzonase
(Novagen, 70664), and 1 Complete Mini Protease Inhibitor tablet (Roche, 11 836 153 001)). In the
experiment shown in Figure 1b,c, the double-strand DNA breaks-inducing anthracycline antibiotic
daunorubicin was added at a final concentration of 0.5 uM 8 h after transfection. Protein concentration
was measured by Bradford assay and adjusted to 1 ug\mL. 15 ug were loaded on a 12% Bis-Tris gel
and proteins were separated by electrophoresis. Proteins were then transferred onto a polyvinylidene
difluoride membrane, which was blocked using 5% BSA in PBS-Tween 20 (PBS-T). Primary antibodies
were diluted in 5% BSA in PBS-T and applied for 1 h to detect p53 (Santa Cruz, sc-126, diluted
1:1000) or p21 (BD Pharmigen, 556430, diluted 1:666) and beta-actin (Abcam, ab8226, diluted 1:1000),
followed by incubation with a secondary goat anti-mouse IgG(H+L)-PRPO (Dianova, 115-035-003)
for 45 min. Chemiluminescence was detected using the SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific) and the ChemoCam Imager (Intas).
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2.5. Confocal Imaging

Cells were imaged at 37 °C and 5% CO, in ibidi p-slide 8 wells (ibidi, 8226) on a Leica Sp5 confocal
microscope equipped with an incubation chamber and a 20x air objective (0.7 NA). Activation was
performed imaging cells with the 458 nm laser at 80% intensity for 5 seconds every 30 s for a total
of 40 min. mCherry was excited using the 561 nm laser. Cells were focused with the 561 nm laser to
prevent premature activation of LINuS/LEXY.

2.6. Data Processing

2.6.1. Quantification of Protein Levels

Western blots were quantified by measuring band intensities using the Image] Gels package.
The intensity of the band corresponding to the loading control was used to normalize the intensity of
the band corresponding to the protein under investigation (p53 or p21).

2.6.2. Image Analysis

Microscopy images were processed using Image]. First, the background was subtracted, then a
circular ROI was drawn manually in the nuclei of all cells in a given field of view. The mean intensity
of the nuclei was quantified at each time point. Values are normalized to that at time point zero (before
illumination started).

2.6.3. Statistical Analysis

Independent replicates refer to independent cell samples of experiments carried out on different
days. If not indicated otherwise, bars and graph represent the mean values, the error bars the standard
deviation of the mean. Statistical analysis was done by a two-tailed unpaired Student’s t-test; P values
(p) <0.05 (*), < 0.01 (**), and < 0.001 (***) were considered statistically significant. P values > 0.05 were
considered statistically not significant (NS).

3. Results

3.1. The Mdm?2-inhibitory Peptide (MIP) Does Not Elevate p53 Levels in HCT116 Cells

We started by testing the Mdm2-inhibitory peptide MIP (PRFWEYWLRLME), which was selected
in vitro from large libraries of random peptides using mRNA display [37]. MIP binds Mdm2 and also
MdmX with higher affinity than other known peptides, such as DI [41]. We cloned the MIP peptide
into a freely accessible loop of Escherichia coli thioredoxin, a small and stable protein commonly used as
scaffold for presenting and stabilizing peptides. mCherry was added to the construct to consent easy
determination of transfection efficiency.

As a control, we cloned the 3A peptide (LTAEHYAAQATS) in which three key hydrophobic
residues of the DI peptide are mutated to alanine, thereby abrogating binding to Mdm2 or MdmX.

To test the effect of the peptide we selected HCT116 cells, a human colon cancer cell line with
wild type p53, which has been shown to accumulate upon inhibition of Mdm2 [42]. Expression of
Trx-MIP-mCherry did not lead to changes in p53 protein levels, which remained similar to those
in mock and Trx-3A-mCherry transfected samples (Supplementary Figure S1). This is in contrast
with previously published results [37]. The raw data used to quantify protein levels are found in the
Supplementary Materials (Figures 52-S5).

3.2. The p53-Mdm2/MdmX Inhibitor (PMI) Peptide Elevates p53 Levels in HCT116 Cells

We then turned to another peptide, the so-called p53-Mdm2/MdmX inhibitor (PMI)
peptide [38] (TSFAEYWNLLSP). PMI was identified in a phage display, using as baits the p53-binding
domains of Mdm2 and MdmX. We followed the same approach as for the MIP peptide, thus cloning
PMI into the thioredoxin scaffold fused to mCherry, and then testing its function in HCT116 cells.
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36 h after transfection, cells expressing Trx-PMI-mCherry exhibited about 60% increase in p53 levels
compared to the mock transfected cells, implying that degradation of p53 was inhibited (Figure 1a).
As seen in previous experiments, expression of Trx-3A-mCherry and Trx-MIP-mCherry did not affect
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Figure 1. The p53-MDM2/MDMX inhibitor (PMI) peptide stabilizes p53 in HCT116 cells in a
localization-dependent manner. (a), (b) Western blot showing the levels of p53 (a) and p21 (b)
in HCT116 cells transfected with the indicated constructs. Mock indicates cells transfected with
empty pcDNA3.1(+). B-actin was used as loading control. (a) This experiment was conducted once.
(b) Daunorubicin was added at 0.5 uM 8 h after transfection. Cells were collected for Western blot
analysis after 24 h. A lane with a sample not relevant to this study was cut from the image and is
shown as a white space. (c) Bar plot showing the quantification of two independent Western blots
with samples as in (b). Data indicate mean + standard deviation. Color code as in (b). NS p > 0.05,
**p <0.01, ** p <0.001, t-test.

Next, we asked whether PMI had to localize to either the nucleus or the cytosol to exert its
function. For this purpose, we added a nuclear localization signal (NLS) or a nuclear export signal
(NES) to the Trx-PMI-mCherry construct. This time, we decided to look directly at the effect of the
peptide on one of p53 target genes, p21. Indeed, it is important to make sure that stabilized p53 is fully
functional. As additional controls beyond the mock transfected cells, we included cytoplasmic p53
(p53-NES-mCherry), nuclear p53 (p53-NLS-mCherry and p53-mCherry, which is largely nuclear even
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in the absence of an additional NLS) and daunorubicin, a double-strand DNA breaks-inducing drug.
Interestingly, we found that the peptide had to be nuclear to elevate p21 levels (Figure 1b,c).

We then tested if we could dispense of the thioredoxin scaffold by expressing PMI simply as
a fusion to mCherry. This would further reduce the size of the final construct. We found that the
PMI-mCherry fusion worked as well as the construct based on thioredoxin, giving rise to p53 levels
similar to those obtained when using daunorubicin (Figure 1b,c).

3.3. Developing Optogenetic Control of PMI Localization

As the function of PMI is dependent on its nuclear localization, we reasoned that, if we could
control this latter with LINuS, we could effectively control endogenous p53 levels with blue light.
To this aim, we cloned three constructs differing only in the LINuS variant used, as different NLSs
photocaged in the Jot helix of the AsSLOV2 domain have different properties such as background in the
dark or extent of nuclear accumulation after light induction [33] (Figure 2a). Albeit two of the three
constructs showed statistically significant nuclear accumulation after light induction (Figure 2b,e),
we were not satisfied with their performance, as the fold change in nuclear localization before and
after light was less than two.
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Figure 2. Engineering optogenetic control of PMI localization. (a,c) Schematic representation of
the PMI_LINuS and PMI_LEXY constructs. The NES is the PKIt NES. GGS is a flexible linker.
(b,d) Representative images of HCT116 cells transiently transfected with the indicated constructs before
and after 40 min of blue light illumination. (b,d) Scale bar, 20 um. (e) Bar plot showing the nuclear
intensity of the indicated constructs in the dark or after illumination with blue light normalized to
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the values for the PMI_LINuS_1 construct in the dark (for the LINuS constructs) and to PMI_LEXY
construct in the dark (for the LEXY construct). NS p > 0.05, *** p < 0.001, t-test. (f) Plot showing the
nuclear intensity of the mCherry fluorescence measured in HCT116 cells transiently transfected with
the PMI_LEXY construct shown in (c) in cells illuminated with blue light twice with a 40 min-long
activation phase. Graph represents mean plus 95% confidence interval. N = 23 cells.

Therefore, we turned to LEXY, which is similar to LINuS in that it is also based on AsLOV2,
however, in this case, the PMI peptide would be nuclear unless light is applied to the cells. LEXY has
proven to be easily applicable to various proteins of interest without the need of optimization [35,43,44].
PMI fused to mCherry and LEXY (PMI-NLS-mCherry-LEXY, for simplicity referred to as PMI_LEXY
from now on) could be robustly accumulated into the cytoplasm after blue light illumination of HCT116
cells (Figure 2c—e), showing a fold change close to three. We further confirmed the reversibility of this
accumulation (Figure 2f).

3.4. PMI_LEXY Can Be Used to Control with Light Endogenous p53 and p21 Levels

Next, we asked whether we could dictate p53 levels by externally applying blue light to the cells
expressing PMI_LEXY. We found that cells kept in the dark had ~3-fold higher p53 levels than mock
transfected or illuminated cells (Figure 3a,c). Finally, we assessed whether we could also detect higher
p21 levels in HCT116 cells kept in the dark. This was indeed the case (Figure 3b,c).
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Figure 3. LEXY allows controlling with light endogenous p53 and p21 levels. (a, b) Western blot
showing the levels of p53 (a) and p21 (b) in HCT166 cells. Mock indicates cells transfected with empty
PcDNAB3.1(+). p-actin was used as loading control. (c). Bar plot showing the quantification of three
independent western blots with samples as in (a) and (b). Levels are shown normalized to the levels of
the mock, dark control. NS p > 0.05, *** p < 0.001, ¢-test.

4. Discussion

p53 protein levels are mainly regulated by the E3 ubiquitin ligase Mdm2, which triggers p53
ubiquitylation and consequent proteasomal degradation. Mdm?2 additionally inhibits p53 by binding
to its N-terminal transactivation domain (TAD), which is thus not free for contacting the transcription
machinery. This second mechanism of p53 inhibition is shared by other proteins, such as MdmX,
which do not lead to p53 degradation.

As some tumors are characterized by wild type p53 but aberrant overexpression/activity of one or
more of its negative regulators, a promising strategy to combat them is to restore normal p53 signaling
by stopping the aberrant inhibition the protein is subject to.

Peptides that bind to Mdm2/MdmX on the same surface used to bind to p53 have been previously
developed and shown to be promising.

Here we engineered optogenetic control of the PMI peptide using LEXY, a light-inducible nuclear
protein export system previously developed by us. LEXY enables dictating with blue light the
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localization of any peptide or protein fused to it, in this case PMI and mCherry. This strategy could be
applied because we found that PMI needs to be nuclear to function (Figure 1b,c).

It was interesting to see that, in HCT166 cells, nuclearly localized PMI led to higher p21 levels
than the control p53-mCherry (with or without additional NLS) (Figure 1b,c). We speculate that this
may be due to some interference of the fluorescent protein with p53 transcriptional activity.

It was surprising to see that the MIP peptide, which was reported to elevate p53 levels in HCT116
cells [37], did not have any effect under our experimental conditions (Supplementary Figure S1). As we
did not find in the literature other reports confirming the efficacy of this peptide in living cells beyond
the work by Shihiedo and colleagues, we reckon further experiments are needed to clarify this issue.

The approach based on LEXY developed here can be used to answer biological questions regarding
p53 biology, such as what is the relationship between cellular outcome and p53 levels. The advantage
of using light to elevate endogenous p53 levels is that cells with precisely tuned p53 levels can be
generated within a single population, making the interpretation of the results easier than when
comparing cells cultured separately. Moreover, optogenetics is the best approach to answer questions
regarding the effect of the position of cells within a tissue on the cellular outcome, as individual cells
can be illuminated. It would be, therefore, possible to study if having higher p53 levels causes different
outcomes depending on whether the cells lie in the middle or at the periphery of a tissue.

PMI-LEXY represents an alternative to the existing opto-p53 which we previously established [35].
opto-p53 is the fusion of p53 to LEXY (mCherry was included for visualization purposes). This construct
is transcriptionally active and allows controlling p53 target genes by controlling directly the localization
of p53, not its levels. In this case, p53-LEXY, that is, an exogenous p53 protein, is the main actuator of
the response. In the case of PMI-LEXY, instead, endogenous p53 is the main actuator of the response.
The approach based on PMI-LEXY mimics the natural situation, while that based on p53-LEXY suffers
from the possibility that alternative pathways are triggered by the high cytoplasmic p53 levels which
arise during the illumination phase.

In order to advance this technology towards medical applications, it would be necessary to employ
LINuS or other optogenetic tools for which light would lead to p53 accumulation, as the final aim
would be to trigger the p53 signaling pathway locally, only in malignant cells. This is not possible with
LEXY, as light would have to be constantly applied everywhere else in the body to keep p53 inactive.
As LINuS per se works well in HCT116 cells (data not shown), we believe control of PMI with LINuS
is achievable with future optimization of the construct. However, blue light penetrates poorly into
tissue, thus an approach based on red/infra-red light is highly desirable.

Supplementary Materials: The raw data used to generate the figures in the paper are available online as
supplementary figures at www.mdpi.com/xxx/. Figure S1: The Mdm2-inhibitory peptide (MIP) does not lead
to increased p53 levels in HCT116 cells. (a) Western blot showing the levels of p53 in HCT116 cells transfected
with the indicated constructs. Mock indicates cells transfected with empty pcDNA3.1(+). -actin was used as
loading control. (b) Bar plot showing the quantification of three independent western blots with samples as
in (a). Data indicate mean + standard deviation. NS p >= 0.05, -test, Figure $2: Raw data for the plot shown
in Supplementary Figure S1. Only relevant lanes were annotated, Figure S3: Raw data for the plot shown in
Figure 1c. Only relevant lanes were annotated, Figure S4: Raw data for the plot shown in Figure 3c. Only relevant
lanes were annotated, Figure S5: Raw data for the plot shown in Figure 3c. Only relevant lanes were annotated.
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Abstract: Organisms can respond to varying light conditions using a wide range of sensory
photoreceptors. These photoreceptors can be standalone proteins or represent a module in
multidomain proteins, where one or more modules sense light as an input signal which is converted
into an output response via structural rearrangements in these receptors. The output signals are utilized
downstream by effector proteins or multiprotein clusters to modulate their activity, which could further
affect specific interactions, gene regulation or enzymatic catalysis. The blue-light using flavin (BLUF)
photosensory module is an autonomous unit that is naturally distributed among functionally distinct
proteins. In this study, we identified 34 BLUF photoreceptors of prokaryotic and eukaryotic origin from
available bioinformatics sequence databases. Interestingly, our analysis shows diverse BLUF-effector
arrangements with a functional association that was previously unknown or thought to be rare among
the BLUF class of sensory proteins, such as endonucleases, fef repressor family (tetR), regulators of
G-protein signaling, GAL4 transcription family and several other previously unidentified effectors,
such as RhoGEF, Phosphatidyl-Ethanolamine Binding protein (PBP), ankyrin and leucine-rich
repeats. Interaction studies and the indexing of BLUF domains further show the diversity of
BLUF-effector combinations. These diverse modular architectures highlight how the organism’s
behaviour, cellular processes, and distinct cellular outputs are regulated by integrating BLUF sensing
modules in combination with a plethora of diverse signatures. Our analysis highlights the modular
diversity of BLUF containing proteins and opens the possibility of creating a rational design of
novel functional chimeras using a BLUF architecture with relevant cellular effectors. Thus, the BLUF
domain could be a potential candidate for the development of powerful novel optogenetic tools for
its application in modulating diverse cell signaling.

Keywords: photoreceptor; BLUF; modular domain; optogenetics

1. Introduction

Microorganisms respond to changing light conditions using an evolved repertoire of
photoreceptors that perceive light and execute a light-dependent control of regulatory ‘output’
domains [1]. Blue-light using flavin (BLUF) protein photoreceptors respond to blue light and are
often coupled with different effector domains (enzymes or transcriptional regulators) to generate the
full range of combinations to regulate photo-adaptive responses [2-5]. However, proteins having the
BLUF domain with an extended C-terminus only have also been reported, and their responses were
controlled by light-dependent protein-protein interactions [6-9]. Upon illumination, the isoalloxazine
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moiety of the BLUF domain associated flavin chromophore (flavin adenine dinucleotide; FAD,
or flavin adenine mononucleotide; FMN, or riboflavin; RF) absorbs blue light [10], and undergoes
structural rearrangements to modulate the communion between BLUF and the effector domains [11].
Unlike the complex mechanisms of photo-transformation in other photoreceptors, the BLUF domain,
upon illumination, mainly shows a hydrogen bond rearrangement around the flavin cofactor,
which causes a 10-15 nm red shift in the BLUF absorbance peak [11]. The photo-activation of
the BLUF domain is due to the involvement of a conserved glutamine and tyrosine residues [12-14].
The hydrogen bond rearrangement involves a unique ability of the BLUF domain, i.e., photo-induced
proton-coupled electron transfer (PCET), which enables them to switch between receptor and signaling
states [15-17]. The photo-activation and structural rearrangements around the chromophore of the
BLUF domain are transmitted as a signal for the activation of an associated effector domain. The BLUF
domains are considered as an attractive model to investigate new paradigms of photo-induced signaling.
BLUF domains have a modular architecture; hence, they may be functionally fused to different effector
domains, as observed for the modular light oxygen voltage (LOV) photoreceptors [18-25]. Barends and
coworkers have characterized a full-length active photoreceptor, BlrP1, from Klebsiella pneumoniae,
which is composed of BLUF and EAL (Glutamine-Alanine-Leucine) as the sensor/output domain
combination, respectively [4]. The EAL domain is a conserved signature motif which hydrolyses cyclic
dimeric GMP (c-di-GMP) and is involved in the regulation of motility, biofilm formation, virulence
and antibiotic resistance in the bacteria [26-29]. When exposed to light, the BLUF domain from BlrP1
activates the EAL domain via an allosteric communication relayed through conserved domain-domain
interfaces [4]. In Escherichia coli, YcgF is another photoactivated protein with the BLUF-EAL domain
that has been reported [30]. However, unlike other EAL domain proteins, YcgF acts as a transcriptional
regulator and controls the YcgF/YcgE pathway, which regulates the synthesis of small regulatory
proteins. These small regulatory proteins are involved in the modulation of biofilm functions via the Res
two-component pathway, necessary for E. coli to sustain the adverse environment [30]. In many bacteria,
proteins with tandem GGDEF (diguanylate cyclase; DGC)/EAL (phosphodiesterase) domains were
also reported to be involved in the c-di-GMP turnover, which modulates a variety of functions ranging
from the functional modification of cell surface components, the expression of extracellular signaling
molecules, virulence and motility [31,32]. Photoactivated BLUF associated adenylyl cyclase homology
domains (CHD) were also investigated and well characterized in several microorganisms, where they
are specifically involved in the catalytic conversion of ATP to cyclic AMP (cAMP), which regulates
the downstream signal transduction [33-38]. PAS domains (Per/ARNT/Sim) are one of the broadly
spread domains involved in sensing variations in light, oxygen, redox potential and the binding of
small ligands [39]. The role of PAS domains is diverse, and few reports demonstrated the involvement
of PAS in domain chromophore attachment [40], light-regulated protein-protein interactions [41] and
in complementary chromatic adaptation (CCA) [42].

Optogenetics is a recently developed molecular tool that combines genetic and optical methods
and enables us to modulate specific functions in any cell or tissue using light in a controlled manner [43].
Microbial, algal opsins and natural light regulated ion channels have been reported to be versatile and
good actuators for optogenetic applications [44]. However, BLUF domains, due to their small size,
solubility, reversibility, temporal precision and diverse association with a wide variety of effectors,
could be engineered for the light-dependent modulation of a wide range of cellular signaling [44].
Prominent examples include BLUF containing photoactivated adenylyl cyclase from Beggiatoa sp.
(bPAC) efficiently activating cyclic-nucleotide-gated ion channels in neurons. The mutagenic variant
of bPAC, BlaG, yielded a higher level of light-induced production of cGMP than cAMP [11,45]. In the
present study, we have characterized the modular diversity of the BLUF domain coupled proteins that
could be valuable in the development of novel synthetic photoswitches and we expand the scope of the
optogenetics modulation of novel cellular signaling within a functional expression in the appropriate
living system.
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2. Materials and Methods

2.1. Database of Sequences used in this Analysis

The BLUF domain encoding protein sequences were retrieved from the National Center for
Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov/), and each of them was subjected
to a conserved domain search using the Conserved Domain Architecture Retrieval Tool (CDART;
https://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi) [46]. The 34 uncharacterized BLUF
domain containing proteins were selected for a further analysis. For each protein, sequences encoding
the BLUF domain were selected and aligned for the homology analysis using the BioEdit tool [47].
The Multiple EM for the Motif Elicitation (MEME) suite (http://meme-suite.org) was employed to
scan conserved motifs throughout the sequences [48]. The interacting partners for each of the output
domains were predicted using the String version 11 [49].

2.2. Phylogenetic Analysis

A phylogenetic analysis involving 34 BLUF sequences from different organisms was performed by
employing the Maximum Likelihood method, based on the JTT matrix-based model [50]. Gaps were
eliminated from the sequences. The tree with the highestloglikelihood (—955.3175) is shown. The values
shown with the branches represent the percentage of trees clustering with the associated taxa. The JTT
matrix of pairwise distance was subjected to Neighbor-Join and BioN] algorithms for the construction
of the first tree(s), which was then used to select the topology with a higher log likelihood value.
Phylogenetic analyses were performed using MEGA®6 [51].

2.3. Analysis and Homology Modeling of the BLUF Domain

The annotated sequences were further analyzed for the putative secondary structures and
function using Predict Protein (https://www.predictprotein.org/). Based on the secondary structure
analysis, a two-dimensional topology was generated using POTTER (http://wlab.ethz.ch/protter/#) [52].
Three-dimensional models of the predicted BLUF sequences and associated effector domains were
created using the Phyre2 modeling tool [53], employing an integrated combinatorial approach
comprising comparative modeling, threading, and ab initio modeling [54]. All the energy-minimized
models of the annotated BLUF domains and BLUF, in combination with the effector domains,
were further evaluated for structural errors and the stereochemistry quality, as well as for manual
curation. The variety of the models were performed, in terms of bond angles, distances, stereochemical
analysis, and vocabulary, by the UCLA Structure Analysis and Verification Server (SAVES) with the
PROCHECK and ERRAT programs [55,56]. Finally, the most acceptable models were finalized based
on Ramachandran plot analysis and structural fit for each annotated sequence. All of the predicted
BLUF sequences were aligned for an analysis of conservation and variation of residues using the
Clustal Omega program.

3. Results and Discussion

3.1. BLUF Sequences, Modular Domains and Phylogenetic Analysis

We assessed the residues that are conserved and important for the substrate specificity in the
respective orthologs. The details for each protein sequence and domain architecture are given in Table 1
and Figure 1.
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Table 1. Blue light using flavin (BLUF) modular domains from different organisms.

Domains Accession No. BLUF Length Score Organisms Probable Modulations
Regulate diguanylate
BLUF + EAL ARH96915.1 2-91 e 28 Escherichia coli cyclases and
Phosphodiesterase activity
. _ Methylobacter
. . 36 L -
BLUF + PsiE EGW22399.1 2-92 e tundripaludum SV96 NP
Leptonema illini DSM Regulate adenylyl and
v -28 P 21 yly!
BLUF + CHD EHQO8139.1 3-93 € 21528 guanylyl cyclase activity
BLUF + By, Binding . 35 Rhodobacter sphaeroides Broadens BLUF
domain ABP71929.1 17-106 € ATCC 17025 photosensing ability
Regulate
. phosphoribulokinase,
BLUF + PRK09039 WP_012321331.1 5-99 e 30 Methylobacterium uridine kinase and
superfamily radiotolerans .
pantothenate kinase
activity
BLUF + . L
DNA_pol3_gamma3 AIQ92835.1 599 036 Methylobacterium oryzae ~ Regulate DNA replication
. CBMB 20 process
superfamily
Hymenobacter sp. Regulate bacterial
w -37 Y P 8!
BLUF + REC AMR27912.1 150-240 e PAMC 26554 “hemotaxis
Regulate oxidative
BLUF + P450 superfamily WP_045444510.1 15-108 e Psychrobacter sp. P11F6 degradation of steroids,
fatty acid and xenobiotics
BLUF + AcrR WP_058726129.1 3-04 e Curtobacterium luteum Regulate antibiotic
resistance in bacteria
BLUF + TetR_C_6 WP_051596720.1 492 e Curtobacterium sp. Regulate antibiotic
343417 19 UNCCLT resistance in bacteria
Modulate hydrolase
BLUF +Endonuclease_NS ‘WP_058743091.1 17-83 30 Drosophila eracta activity, nucleic acid and
metal ion binding
BLUF + PAS WP_058511962.1 4-88 e 13 Legionella steelei Regulate cellular signaling
processes
Control synthesis of
BLUF + AraC WP_053973760.1 228-318 el Polaribacter dokdonensis  structural components of
arabinose metabolism
BLUF + Abhydrolase XP_008692928.1 58-99 e 15 Ursus maritimus Modulate hydrolytic
super family enzyme activity
BLUF + ENDO3c B o7 Rubellimicrobium Control DNA repair
Superfamily EYD78138.1 1-89 € mesophilum DSM 19309 regulation
BLUF + ANK EJY80769.1 547-593 e Onytricha trifallay~ Miodulate protein-protein
interaction
BLUF + DUFI115 WP_0229622806.1 5-101 e ¥ Pseudomonas pelagia NP*
Superfamily
BLUF + B 38 Pseudomicrostroma Control activation of Rho
RhoGEFSuperfamily XP_0253422161 171-262 € glucosiphilum family GTPases
BLUF + PDZ jgi_Bignal 85551 55-144 -17 Bigelowiella natans bRegutlfte d cell
+ jgi_Bignal — e CCMP 2755 membrane-bound cel
signaling
. Schizochytrium
BLUF + AANH_like Jgi_Schagl_101311 273-366 e aggregatum ATCC NP*
Superfamily
28209
BLUF + EAL + GGDEF AFL74487.1 456-546 o33 Thiocystis violascens Regulation of c-di-GMP
DSM 198 level
BLUF + EAL+ PRK15043 CDW60191.1 2-62 e Trichuris trichuris NP
superfamily
BLUF + GGDEF+ PAS WP_058465269.1 1-91 e Legionella NP*
cincinnatiensis
BLUF + GGDEF+
COG5001 Superfamily + WP_058516015.1 3-85 e Legionella santicrucis NP*
PAS
BLUF + COG5001 + ADC61983.1 974-1064 o3 Allochromatium NP*

PBP1_NHase + PAS

vinosum DSM 180
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Table 1. Cont.

BLUF + PsiE +BaeS

Methylomicrobium

- WP_014148160.1 3-93 e o NP~
superfamily alcaliphilum
= -24
BLUF;'uC:fDa;iII“RR*Rl Q8S9F2.1 57136 € Euglena gracilis NpP*
P Y 468-554 e
BLUF + CHD + Med 26_M 98-186 el Thecamonas trahens
- - XP_013758351.1 *
Superfamily - 673-756 o 18 ATCC 50062 NP
BLUF + PRK11633 + DNA WP_048452447.1 5.99 42 Methylobacterium NP*
pol3 gamma3 family - : tarhaniae
BL:J;:ZT;‘S\;;}E;SE”Y WP_058743091.1 49 e Curtobacterium citreum NP*
BLUF + GAL4 + Fungal 38 . . Regulate galactose
TF MHR ORY86082.1 10-100 e Protonyces inouyei induced genes
BLUF + SRPBCC
Superfamily + RGS BAV14116.1 518-612 e 26 Naegleria fowleri NP*
Superfamily
Bégisggggéiéagﬁf EFC49155.1 1132-1226 e Naegleria gruberi NP
BLUF + SRPBCC + FH2 +
Drf_FH1 + PRK13729 + XP_002669619.1 1971-2050 e 28 Naegleria gruberi NP*

SMC_N

BLUF- Blue light using flavin; EAL- Glutamine/Alanine/Leucine; PRK- Phosphoribulokinase; PAS- Per/Arnt/Sim;
PBP- Phosphatidylethanolamine-Binding Protein; CHD- Cyclase homology domain; LRR- Leucine-rich repeats;
Med26- Mediator of RNA polymerase II transcription subunit 26; By,- Vitamin Bj; DNA pol-DNA polymerase;
REC- cheY-homologous receiver domain; HTH-Helix turn helix; Endo3- Endonuclease 3; ANK- Ankyrin
repeats; RGS- Regulator of G protein signaling; DUF- Domain of unknown function; RhoGEF- Guanine
nucleotide exchange factor for Rho/Rac/Cdc42-like GTPases; GAL4- GAL4-like Zn(II)2 Cys6 (or C6 zinc)
binuclear cluster DNA-binding domain; MHR- Middle homology region; PDZ- PSD95/DIg1/zo-1; SRPBCC-
START/RHO_alpha_C/PITP/Bet_v1/CoxG/CalCligand-binding; BTB- Broad-Complex, Tramtrack and Bric a brac;
FH2- Formin Homology 2; Drf- Diaphanous related formins; SMC_N- N terminus of structural maintenance of
chromosomes. Sequences WP_051596720.1 from Curtobacterium sp. UNCCL17; Q8S9F2.1 from Euglena gracilis;
and XP_013758351.1 from Thecamonas trahens ATCC 50062 are strongly predicted to contain two BLUF domains on
either side of their respective effector domains. NP*: Probable modulated function cannot be predicted, but requires
a detailed study.

ARHO6915.1;403AA Jll-  —  JoiSchagi_totat4n2ma - —fff- e hae i
EGW22399.1; 269 AA Jl— - xp_025362216.; 3228 - il _PsiE PRK11633 AN lke
_ i ' PRK09039 PDZ
EHQUO1204; 00 A WP_048452447.1; 281 AA JfH B12-binding B odolsse MGALS
ABPT1920.1; 448 AA Il —  —— arraser s s - - _IDNA_Pol 3_gamma3 [ Endo3C R
WP_01231331.1; 309 AA Jli}— ~ XP_008692928.1; 404 AA | - SER N .g"';;
AQe2835.1;326 AA - - EYD78138.1; 224 AA JH I BaeS WISRPBCC
coWs0191.1; 592 AA - EYAOTGOL T2 A ———f - HREC Gho
WP_022962806.1; 206 AA it} Bav14116.1; 670 A Jl—-I- HAcrR HLRR R
WP_014148160.1; 204 A l-Il} — WP_058516015.1; 706 AA JJ— [ ] BTerR_C 11 EWEDA M
e WP_058465269.1; 716 AA Jf— B wchey -k
WP_045444510.1; 207 AA - WTetR C_6 =|s:'|:|‘(:1';l7229
WP_058726129.1; 335 AA - ORY86082.1; 726 A —F »

WP_058743091.1; 351 AA - -
WP_058511962.1; 402 AA i .
WP_053973760.1; 478 A ———  f}—

WP_051596720.1; 350 AA Jll—JI-

WP_049758204.1; 227 AA - —Jilif-

Joi_Bignal_85551; 373 AA —Jl—-

Pearae221019A - -

QssoF22.4;1019AA - - _l_

ADC61983.1; 1124 AA -

xp_013758351.1; 1335 A - - ——F
EFc49155.1 1284 A —HI— I
XP_002669619.1; 2132 A — T ——— I

Figure 1. Schematic representation of the different blue light using flavin (BLUF) modular domain
containing proteins. The accession numbers were taken from National Center for Biotechnology
Information (NCBI). The mentioned “AA” indicates the amino acid numbers of the particular BLUF
modular protein.

45



Appl. Sci. 2019, 9, 3924

The analysis of 34 BLUF sequences revealed that residues forming BLUF catalytic core are
conserved throughout for interaction with the flavin chromophore (Figure 2). The amino acids tyrosine
(Y), asparagine (N), glutamine (Q), and tryptophan (W) or methionine (M), which are crucial for the
photodynamics and photocycle of the BLUF domain, are highly conserved (Figure 2). Our analysis
further confirms that tyrosine, glutamine, and tryptophan (or methionine) are critical for the substrate
specificity of the BLUF sequences, as has been reported earlier [6,11,33,57]. The photo-activation of
the BLUF domains actually involves conserved glutamine and tyrosine residues, where glutamine
contributes to hydrogen bond formation in a dark state [11-14]. However, in light adapted conditions,
a hydrogen bond rearrangement (tautomerization) occurs to form a new hydrogen bond with
tyrosine [11]. A motif analysis revealed three different conserved motifs (Figure 2) among different
BLUF sequences. Each motif has its importance, as each of them was comprised of an essential amino
acid residue involved in the regulation of the BLUF photocycle and photodynamics [6,11].

Motif 1 Motif 2

Bluf-Templet [BrP1]
Bluf-EAL

Bluf-PsiB

Bluf-CHD

Bluf-B12

Bluf-PRK
Bluf-DiApol3
Bluf-EAL-PRK
Bluf-DUF
Bluf-Psi-BaeS
Bluf-REC

Bluf-p450

Bluf-AcrR
Bluf-TetR-Fer2
Bluf-EndolNS
Bluf-PAS

Bluf-TetR
Bluf-AraC
Bluf-PRK-DHADOL3
Bluf-GGDEF-EAL
Bluf-Abhydrolase
Bluf-ENDO3c /g s -~V see--- A VR [T
Bluf-ANK

Bluf-SRPBCC_RGS - RYDPYHLDSSE----
Bluf-GGDEF-PAS-COG - SATRVET-11
Bluf-PAS-PBP-COG -¥ DAAREY

3 K
R

Bluf-CHD-Medl - VETKPY
Bluf-SRPBCC-BTB-DUF = YDES
Bluf-RhoGEF L] T KIR
Bluf-GAL4-Fungal TF_MHR L SATTLY
Bluf-SRPBCC-FH2-Drf FH1-SMC N- I ¢ JCKKFN:
BLUF-AANH — FVKPLH
Bluf-PDZ -— --VTYTH
Bluf-GGDEF-PAS - SATKVHT- S|
Bluf-CHD-LRR Rl - TEPERC

Figure 2. Multiple sequence alignment of the different BLUF modular domains depicting conserved
amino acids. The black arrow indicates conserved amino acids crucial for regulating the flavin binding
pocket, photocycle and photodynamics of the BLUF domain containing proteins [6,11]. The sequences
under the solid boxes represent the conserved motifs of the BLUF domain. The conserved motifs were
predicted using the Multiple EM for the Motif Elicitation (MEME) suite.

The phylogenetic analysis of the selected sequences of 34 BLUF domains divides them into four
distinct clusters (I-IV), which seem to differ from each other mainly by the presence of eukaryotic and
prokaryotic BLUF proteins in them (Figure 3). As observed from the phylogenetic analysis, the BLUF
domain sequences of eukaryotic and prokaryotic origins are evolutionarily intermixed. Each cluster
(except cluster IV) was further subdivided into sub-clusters, which represent closely related BLUF
domain sequences broadly associated with similarkind of effector domains (Figure 2).
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Bluf-PRK ®
Bluf-DNApol3 ®
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Bluf-AraC @ II
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k) BLUF-AANH m

Bluf-EndoNS M | IV
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02

Figure 3. Phylogenetic analysis by the Maximum Likelihood (ML) method. The analysis was done
using 34 amino acid sequences of the modular BLUF domain containing proteins. All positions
containing gaps and missing data were eliminated. There were a total of 17 positions in the final dataset.
A solid red circle represents protein sequences of prokaryotic origin, and a solid red square represents
protein sequences of eukaryotic origin. Evolutionary analyses were conducted using MEGAG6 [51].

3.2. Modular Diversity of BLUF Domains

In the present communication, we have selected 34 different modular architectures for the BLUF
domain in combinations with various effector domains (Table 1; Figure 1). The annotated BLUF
domains in our database sequences range from 80 to 100 amino acids, situated mostly at the N-terminal
region of the effector domains. However, the predicted BLUF sequences in our database show a high
sequence similarity across the BLUF region, with E-values in the range of e ™0 to 7120 The residues
show an upper conservation pattern around the flavin binding region (Figure 4). The secondary
structural analysis indicates that the BLUF sequences are composed mostly of five 3 strands and
two o helices. The E-value, sequence length and sequence conservation details are summarized in
Table 1. Three-dimensional models of the BLUF domains were constructed using the Phyre2 modeling
software [53]. The BLUF domains reveal conserved fafBpf«fBp fold conformations in which two
a-helices surround a five-stranded antiparallel 3-sheet platform (Figure 4).
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XP_013758351.1 TYCSV-~-GVLVY~FHVEGP ~DERH~YSEF
WP_845844510.1 IVISQ~GILCY-FQCEGS~DDRH-FSNW

28YC TYRSR-GILLY-VQTEGP ~DPRH~FPDW

c 1YRX CYRSL-GALFY~FQWEGR ~DRRH~FAGW
ABP71929.1 CYRSL~GALFY~LQWEGP ~DGRH ~FSGW

WP_0229622806.1 VYISR~GMLYY-FQCEGE ~DPRH ~FPDW

AFL74487.1 IYVSQ~GCLLY~MQMEGQ“DPRH~FLDW

FMN EGW22399.1 SYAST~GILLY~FQVEGD"DKRH"FPYW

AMR27912.1 VYQSY-GVLLY~VQLEGS “DPRH~FTQW

ORY86082.1 VYLSS~GLLLY~IQFEGD “DPRH ~FGNW

XP_025342216.1 VYTSS~GLLMY-AQFEGP “DRRH “FAEW

Figure 4. Models of the BLUF domains and details of its flavin binding pocket. (A) Superposition of
the modelled BLUF domains using the Phyre server with a crystal structure of Rhodobacter sphaeroides
BIrB (PDB: 2BYC) (magenta). The homology models include the annotated BLUF domains from
WP_045444510.1 (Psychrobacter sp.) (Green tone); WP_014148160.1 (Methylomicrobium alcaliphiluim)
(Brown tone); XP_025342216.1 (Pseudomicrostroma glucosiphilum) (Blue tone); AFL74487.1 (Thiocystis
violascens) (Violet tone); EHQ08139.1 (Leptonema illini) (Yellow tone); ABP71929.1 Rhodobacter sphaeroides
ATCC 17025 (Pink tone); WP_0229622806.1 (Pseudomonas pelagia) (Skyblue tone); and ORY86082.1
(Protomyces inouyei) (Smudge tone). The domain boundaries of the modelled BLUFs are mentioned in
Table 1. (B) The BLUF photocycle scheme shows the protein/FAD interactions through the hydrogen
bonding pattern of the flavin moiety with conserved glutamine upon illumination. (C) Superposition of
the flavin binding pocket in the BLUF models in comparison to Rhodobacter sphaeroides BlrB (PDB: 2BYC)
and the BLUF domain of AppA (PDB: 1YRX). The side chains of residues with potentially important
roles in catalysis and/or substrate binding are shown as stick models and are labelled. The selected
regions of the same are shown in a reduced multiple sequence alignment.

We modeled the binding modes of the flavin chromophore based on the observations in the
known BLUF domain structures [33,57]. The isoalloxazine ring of flavin can be readily accommodated
in the pocket in the models sandwiched between two « helices, suggesting that the active site is
appropriately formed in BLUF models (Figures 4 and 5). Spectroscopic analyses and photochemistry
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of BLUF proteins have shown that flavin chromophore facilitates blue light-induced electron transfers
by a hydrogen bond rearrangement between flavin N5 and O4 and conserved tyrosine, glutamine,
and tryptophan or methionine of the BLUF [14,17], leading to a spectral shift from blue to red and
the transmission of the signal further downstream. Sequence alignment studies of 34 BLUF domain
containing sequences, in this study and elsewhere, show the conservation of tyrosine and glutamine
residues in the 31 and B3 strands of the BLUF fold (Figure 4), and this has been reported to be
critical for the photochemical reaction, as mutations in these amino acids result in the loss of its
ability to perceive light [12-14,17,58]. In our sequence database, BLUF photo domains are fused at
the N-terminus of a wide array of different effector domain modules, viz. kinases, phosphatases,
phosphodiesterases, anti-sigma factors, DNA binding domains, a transcriptional repressor (TetR),
PAS, endonuclease and PBP proteins. Some of these have been modeled with >90% confidence using
the Phyre2 modeling program and are presented in Figure 4. These domains are part of various
photoreceptors [1,59,60]. Our structural and field mapping analysis also shows that sequences like
TetR_C_6, SRPBCC1 superfamily, GGDEF1 COG5001 superfamily, COG5001 super family PBP1_NHase
PAS superfamily, and CHD4 Med26_M super family comprise of two BLUF domains at each end with
an effector domain sandwiched in-between (Table 1). LOV photoreceptors have also been reported
to be present in two copies, along with effector sequences, but both are situated at the N-terminus
of effector domains [61]. It remains to be seen if the role of two BLUF domains on either side of the
effector is to diversify the signal further or to play the role of a signal transduction further downstream
with the help of the auxiliary linker helix found toward the C-terminus of the conserved BLUF domain
in our database. The function of these short auxillary helical stretches, located in the association of
several BLUF and LOV photoreceptors, is not known precisely, but it seems likely that they mediate
the signal progression between their photosensors and the effector domain, as has been predicted in
earlier reports [62].

BLUF Core

Output

Repressor \
(HTH Motif) Guanylyl Cyclase
(CYCc Family) (EAL Family)

Figure 5. Representation of 3D structural models of BLUF (Red) and effector domain combinations
(Blue) using the Phyre server [54]. (A) WP_0229622806.1 (Pseudomonas pelagia) (206 aa) codes a
combination of the BLUF (5-101) and DUF domain (99-181). The model was generated with 100%
confidence covering 1-186 residues using the R. sphaeroides AppA (PDB: 4HHO) as the template.
(B) WP_051596720.1 (Curtobacterium sp. UNCCL17) (470 aa) codes for BLUF in combination with the
transcriptional repressor (224-327). The model was generated with >90% confidence covering 1-350
residues using 12 different templates. (C) Q8S9F2.1 (Euglena gracilis) (1019 aa) codes for BLUF in
combination with cyclase homology domains (CHDs), which are part of the class IIl nucleotydylcyclases
(20-379). The model was generated with >90% confidence covering 1-800 residues using 13 different
templates. (D) ARH96915.1 (Escherichia coli) (403 aa) codes for BLUF (2-93) in combination with the EAL
signaling domain (150-389). The model was generated with 100% confidence covering 1-389 residues
using K. pneumoniae BlrP1 (PDB: 3GFZ) as the template. The structures are represented as interactive
coloured ribbons. The model images were generated using PyMol (http://www.pymol.org) [63].
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3.3. BLUF Modules in Association with the Effector Domains

The occurrence of the BLUF domain in different associations reveals the diversity and abundance
of this modular domain in a wide range of organisms. Our sequence and fold analyses confirm various
types of effector domains fused with the BLUF domains (Figure 5).

3.3.1. EAL and GGDEF Domain

The EAL and GGDEF domain-containing proteins are widely distributed among bacteria
and are involved in the regulation of the cellular level of the universal signaling molecule
bis-(3",5")-cyclic-guanosine monophosphate (c-di-GMP), where the former act as diguanylate cyclases
(DGCs) while the latter ones are phosphodiesterases (PDEs) [64]. The c-di-GMP generally controls
a variety of signaling pathways associated with cell differentiation, bacterial adhesion and biofilm
formation, bacterial motility, the colonization of host tissues and virulence [65,66]. In the EAL-GGDEF
domain containing proteins, the GGDEF and EAL motifs in the active sites are crucial for the DGC and
PDE enzyme activities [67-69]. Although most of the proteins involved in c-di-GMP signaling contain
the GGDEF/EAL domains as a single polypeptide, possessing both the DGC and PDE enzyme activities,
in some cases the GGDEF and EAL domain is also found alone [68]. In some of the EAL-GGDEF
domains containing proteins, it was also reported that one [70,71] or both [72,73] of these domains
are catalytically inactive due to a lack of respective GGDEF and EAL motifs that are crucial for the
enzymatic function. In these proteins, the inactive domains either act as regulators [74] or c-di-GMP
effectors [72,73]. Yang and coworker have reported a FimX-like protein (Flip) with a degenerate
EAL-GGDEF domain which interacts with the PilZ-Domain protein to control virulence in Xanthomonas
oryzae pv. oryzae [75]. YhdA is another protein with a degenerate EAL-GGDEF domain that promotes
the turnover of CsrB and CsrC (small RNAs), which reduce the expression of the flnDC (flagellar
master regulator) by sequestering the CsrA (RNA-binding protein) [76]. Several EAL-GGDEF domains
containing proteins are also reported to have N-terminal sensory domains that can regulate the GGDEF
and/or EAL domain functions. In the present study, we have selected an EAL only and EAL-GGDEF
domain-containing proteins with the blue light using flavin (BLUF) domain as a sensory domain from
E. coli and Thiocystis violascence, respectively (Table 1).

Barends and coworker have characterized the Klebsiella pneumoniae BlrP1 photoreceptor protein
biochemically, structurally, mechanistically, and have elucidated the mechanism of the light-induced
regulation of the EAL domain (PDE) via the BLUF sensor domain [4]. Upon light illumination,
the structural change in the flavin binding pocket (Trp replace Met) of the BLUF domain cross-activates
the EAL domain via allosteric communication and increases the PDE activity [4]. The photo-dependent
alteration of the BLUF-EAL interactions influences the quaternary structure, the EAL-EAL interface at
the dimerization helix, the compound helix x5EAL and the loop connecting it to B5EAL, which are
implicated in the EAL activation [4,77]. In the BlrP1 photoreceptor, the BLUF domain shares a similar
architecture, as shown by other BLUF domains from different organisms, where the central BLUF
domain (N-terminus) is surrounded by two helices (helical cap; C-terminus) [78-80]. However,
an additional EAL output domain has been identified in the BlrP1 protein, which is connected to
the BLUF domain via a 50 A long linker peptide (triosephosphate isomerase (TIM)-barrel fold) [4].
The EAL active site in the BlrP1 photoreceptor involved Glul88, Asn239, Glu272, Asp302, Asp303,
Lys323 and Glu359 [4]. We used this well-characterized BlrP1 as a template and aligned it pairwise
with EAL only (E. coli), EAL-GGDEEF (Thiocystis violascence DSM 198), and EAL-PRK15043 domains
(Trichuris trichuris), and observed that most of the amino acids constituting the EAL active site in BlrP1
are highly conserved through all of the EAL domain-containing proteins (Figure S1), which suggested
that the EAL domain-containing proteins possess a similar mechanism for the PDE activity.

The query protein sequence (ARH96915.1) containing the EAL output domain was subjected
to a protein-protein interaction analysis, which revealed several interacting partners involved in the
regulation of different signaling pathways (Figure S7a; Table S1). The protein-protein interaction analysis
showed that most of the interacting partners for this photoreceptor are either EAL domain-containing
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PDEs (JD73_03740) or GGDEF domain-containing DGCs (JD73_23675, JD73_25605, JD73_23680,
YeaP, and YdaM). However, the interactions with YcgZ (two-component connector protein) and
YcgE (Mer-like repressor protein/transcriptional regulator) have also been revealed, indicating their
involvement in the regulation of bacterial biofilm formation [30]. Tschowri et al. [30] have characterized
the previously unknown function of the BLUF-EAL domain-containing protein, YcgF, from E. coli,
and suggested that upon blue light irradiation, this protein acts like an antirepressor. The antirepressor
YcgF removesYcgE (Mer-like repressor) from the promoter, and resumes the expression of different
small regulatory proteins (YmgA and YmgB). These small regulatory proteins (YmgA and YmgB)
utilize the ResC/ResD/ResB two-component phosphorelay system to activate the production of colanic
acid, a biofilm matrix component, and to decrease adhesive curli fimbriae [30]. The query protein may
also interact with AriR/YmgB (regulator of acid resistance influenced by indole), another biofilm-related
protein involved in the regulation of acid resistance in E. coli [81]. A string analysis also revealed the
possible interaction between the query protein and regulatory protein, LuxR, which regulates quorum
sensing in the bacterial system [82,83].

3.3.2. PsiE Domain

In E. coli, the phosphate-starvation-inducible (psiE) gene is positively and negatively regulated by
both PhoB and cAMP-CRP (cAMP receptor protein), which are respectively involved in the phosphate
and carbon metabolism [84]. The phosphate and carbon sources regulate the psiE gene by using the lacZ
and chloramphenicol acetyltransferase gene (cat) fusions, respectively [84]. Although the function of PsiE
has not yet been determined, sometimes it has been predicted to have features like DNA-binding protein
inhibitor-related, putative transcriptional regulators or hypothetical DNA binding proteins (IPR020948).

3.3.3. Cyclase Homology Domain (CHD)

The cyclase homology domains (CHDs) are the catalytic domains of eukaryotic and prokaryotic
nucleotidylcyclases, i.e., adenylyl cyclases (ACs) and guanylyl cyclases (GCs), which belong to the
evolutionary diverse class III nucleotidylcyclases. CHDs are reported as three different structural
forms, i.e., heterodimers (mammalian CHDs), pseudoheterodimers (metazoan CHDs) and homodimers
(bacterial and protozoan CHDs) [85]. Heterodimeric and pseudoheterodimeric CHDs have a single
catalytic pocket sharing catalytic amino acid residues at the dimer interface, while homodimeric
CHDs have two separate catalytic pockets, each of which contributes the CHD determinant [85].
In spite of having two potential catalytic pockets, several enzymes with homodimeric CHDs (for
example, eukaryotic class Il nucleotydylcyclases) may have only one catalytically competent site [86].
Although CHDs are structurally diverse, all of them have a conserved structural component (i.e.,
a helical region) mutating which compromises the stability and active dimeric conformation of a
protein [87]. All CHDs have a common catalytic mechanism in which they require two magnesium or
manganese ions to bind a polyphosphate group of the nucleotide, followed by nucleophile activation.

Most CHDs, except a few (Rv1359 from M. tuberculosis), are reported to exist in combination with
different regulatory modules, thus making it possible to perceive the variety of signals and the regulation
of the intracellular cAMP generation [85]. In the present communication, we have selected three such
proteins, with the BLUF domain in combination with the CHD domain, having the accession numbers
EHQO08139.1 (from Leptonema illini DSM 21528), Q8S9F2.1 (from Euglena gracilis) and XP_013758351.1
(from Thecamonas trahens ATCC 50062) (Table 1). In Euglena gracilis, CHDs (adenylyl cyclases) occur in
combination with the BLUF domain, with an overall domain arrangement of BLUF1ICHD1BLUF2CHD?2,
where the flavin chromophore senses blue light and stimulates the adenylyl cyclase activity [35].
Furthermore, we have performed a alignment of sequences representing the CHD domain from selected
proteins against the progression of the well-characterized template CHD domain of bPAC (Figure S2).
The multiple sequence alignment revealed that active site residues involved in the nucleotide binding
(i.e., Asn257-His266, Lys263-Met264 (forming the B4AC- B5AC tongue), Gly259-Asn178 (forming
the x2AC helix) and Lys263-Thr196, Asp265-Phe198, and His266-Lys197 (forming the 32AC- 33AC
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hairpin) [33]) are highly conserved among all three selected BLUF-CHD domain-containing proteins
(Figure S2). In PACs, under dark conditions, the orientation and arrangement of an individual amino
acid in the active site (i.e., Thr267 and Lys197 (bound to Phe198)) render the conformation of AC
inactive. On the other hand, upon illumination, the change in the interaction between Asn25 and
His266 resulted inthe correct orientation of Thr267 required for the communication with the adenine
base; additionally, the Lys197 is detached from Phe198, thus providing space for the adenine base
to enter the active site more deeply [33]. We also performed a protein-protein interaction analysis,
which revealed the possible interacting partners for CHD domain-containing proteins, which range
from phosphodiesterases, the RNA polymerase subunit {3, and the DNA helicase to another adenylate
cyclase/guanylate cyclase associated with the GAF and PAS/PAC sensor (Figure S7b and Table S1).

3.3.4. PAS Domain

PAS (Per-Arnt-Sim) domain-containing proteins are widely distributed among all domains of
life. PAS domain acts as a sensor, generally found at the N terminus of sensory and signaling
transduction related proteins, and detect a variety of stimuli and regulating the functions of a diverse
array of effector domains [88,89]. Members of the PAS domain family can bind a diverse range of
small-molecule metabolites [22], which could either directly act as a signal and be involved in initiating
a cellular signaling response [90], or which could serve as a cofactor and respond to subsequent
messages like gas molecules, redox potential, or photons [39]. Although PAS domain-containing
proteins are chemically and functionally diverse, almost all PAS domains have a conserved core
comprised of a five-stranded antiparallel 3-sheet and several o-helices, which are responsible for the
generation and propagation of a signal to the adjoining effector domain. In the present study, we have
selected four proteins, three of them from different Legionella strains and one from Allochromatium
vinosum DSM 180, respectively, having combinations of the BLUF and PAS sensor domain (Table 1).
We performed the alignment of sequences representing the PAS domain in four different proteins against
a well-characterized photoactivated yellow protein (PYP; INW_Z) from Halorhodospira halophila [91]
(Figure S3). As discussed earlier, PAS domains are structurally diverse; the same is revealed from
the multiple sequence alignment analysis. Although, the PAS core (5 NAAEGDIT 3’) in PYP is not
conserved among other PAS domain-containing proteins, interestingly, in three of the selected PAS
domains containing proteins for Legionella genus, the sequences representing the PAS core are conserved
(Figure S3). From the above observation, we could suggest that, although they are diverse in different
organisms, PAS cores might be conserved in plants belonging to the same genus. We also performed
a protein-protein interaction analysis, which revealed the possible interacting partners for PAS
domain-containing proteins, which range from multisensor histidine kinase, CheA signal transduction
histidine kinase, CheW protein, CheB methylesterase, 4-coumarate-CoA ligase, phenylalanine/histidine
ammonia- lyase and Hpt sensor hybrid histidine kinase (Figure S7c and Table S1).

3.3.5. By Binding Domain

Many prokaryotes synthesize vitamin B, (cobalamine) having a tetrapyrrole-like structure
composed of a bound cobalt atom (Co) with two axial ligands. The lower ligand is known to be
involved in vitamin By, binding, while the upper one is used as a cofactor for different groups of
enzymes/proteins, such as methyltransferases, reductases and isomerases [92]. The vitamin By, binds
to a specific domain, i.e., Asp/Glu-X-His-X-X-Gly-(41)-Ser/Thr-X-Leu-(26-28)-Gly-Gly, which is highly
conserved in almost all Bj;-dependent enzymes/proteins and characterized as a Rossmann fold, typically
composed of 5 parallel 3-sheets surrounded by 4-5 o helices [93,94]. Generally, vitamin By, and its
derivatives are known for their role in fatty acid and folate metabolism; however, recently they have been
characterized as photoreceptors with a novel and unanticipated biological function as a light dependent
transcriptional regulator [95]. Ortiz-Guerrero et al. [96] reported, for the first time, a light-induced
excitation of CarH (Mer-like transcriptional factor/repressor) bound adenosylcobalamin (AdoBj;),
which inhibited the formation of a stable CarH-AdenoB;, tetramer, thus allowing the gene expression
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for the carotenoid biosynthesis in Myxobacteria. In the dark, the stable CarH-AdoBy; tetramer binds
at the promoter region and shuts down the carotenoid biosynthesis [95-97]. Upon light illumination
of the corrin ring associated with AdoBy,, it promotes the re-orientation of a helix bundle forming a
covalent linkage between H132 and Co, and causes the CarH dissociation from the promoter region,
which ultimately leads to the carotenoid gene expression [95,96,98]. Cheng et al. [92] also reported
a small stand-alone By,-binding domain protein, AerR in Rhodobacter capsulatus, which controls the
light-dependent regulation of the biosynthesis of the photosystem via interacting with CrtJ, a repressor
of the photosystem gene expression. Like CarH, the light illumination also leads to a covalent association
between the His10 and Co ligand, which suggested that the light-dependent covalent linkage between
the Co ligand and His residue might be the common mechanism in Bj,-dependent photoreceptors.
Furthermore, photoreceptors have also been naturally endowed with multiple photosensory domains,
which could relay signals to output domains to control specific light-dependent functions [95]. In the
present communication, we have selected a modular protein (accession number ABP71929.1) with the
BLUF and vitamin B12 binding domain from Rhodobacter sphaeroides ATCC 17025 (Table 1).

We performed the alignment of the selected protein with the well-characterized By, binding
domain containing proteins (CarH and AerR) and, surprisingly, observed that the crucial amino acids
(Trp131, Val138, Glul41 and His142) involved in forming the binding pocket for AdoBs; [95,99] were
not observed in the selected protein sequence (Figure S4). Moreover, there are many prokaryotes
which do not necessarily require the By, cofactor; hence, they can acquire alternative By;-independent
metabolic pathways for the same reaction [100]. The association of the B, domains with the BLUF
domains was also reported by Cheng et al. [92], where the role of the By, domain is to sense light that
is out of the absorption range of flavin. In several proteins, B12 binding domains are also found in
combination with heme/oxygen sensing globin domains; however, none of these proteins have been
characterized [92]. In proteins with combinations of histidine kinases or serine/threonine kinases with
the By, domain, the kinases are responsible for regulating the response to light absorption by the By,
domain [93].

The selected protein sequence (ABP71929.1) containing the Bj; domain was analyzed for a
protein-protein interaction using String (version 11).The observation showed several interacting
partners involved in the regulation of different signaling pathways (Figure S7d). The protein-protein
interaction analysis revealed the interaction of the B, domain with the prephenate dehydratase enzyme
(Rsph17025_0524; Figure S7d), which catalyzes the conversion of prephenate to phosphoenolpyruvate
(PEP), water, carbon dioxide [101], and is generally involved in phenylalanine, tyrosine and tryptophan
biosynthesis [102,103]. The selected protein also interacted with tyrosyl-tRNA synthetase (TyrS), an
enzyme that catalyzes the attachment of tyrosine to tRNA in a two-step reaction. The interaction of the
Biy domain-containing protein with a transmembrane protein PA-phosphatase-like phosphodiesterase
(Rsph17025_2732), a SARP family transcriptional regulator and a DNA mismatch repair protein, MutL,
was also revealed through the protein-protein interaction analysis (Figure S7d). The BLUE-B;, binding
domain containing protein also interacted with the TonB protein, which communicates with outer
membrane receptor proteins and drives the energy-dependent uptake of various substrates (such as
iron citrate, enterochelin, aerobactin, etc.) into the periplasmic space [104].

3.3.6. PRK Superfamily

The PRK family represents a group of three types of P-loop containing kinases, i.e.,
phosphoribulokinase [105], uridine kinases [106], and pantothenate kinases (CoaA) [107]. This family is
named after one of its members, i.e., phosphoribulokinase (PRK), which drives the phosphoryl transfer
from Mg-ATP to ribulose 5-phosphate to form ribulose 1, 5-bisphosphate (RuBP) during the pentose
phosphate pathway [105]. In E. coli, the udk gene encodes the pyrimidine salvage enzyme uridine
kinase, causing the phosphorylation of uridine/cytidine into UMP/CMP using GTP as the phosphate
donor [106]. Pantothenate kinase controls the rate-limiting step in the coenzyme A (CoA) biosynthesis
pathway [107]. The coaA gene is transcribed to produce the 1.1 kb transcript, which is further translated
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into two protein products of 36.4 and 35.4 kDa, respectively [107]. The resultant proteins encoded by
the conA gene, showed a difference of eight amino acids at the N-terminus. The E. coli strains bearing
multiple copies of the conA gene showed a higher activity of the pantothenate kinase [107].

3.3.7. DNA pol 3 gamma3 Superfamily

In E. coli, DNA polymerase III (Pol III) is a complex holoenzyme comprised of three functionally
distinct subassemblies, i.e., the core polymerase («, ¢, and 6 subunit), the sliding clamp (3 subunit)
and the clamp loader complex (12y58"x) subunit) [108]. The clamp loader is responsible for the
DNA-dependent hydrolysis of ATP to load 2 clamps onto DNA for the interaction with core
polymerases [109]. The gene dnaX encodes the ATP motor subunits of the clamp loader, i.e., one y and
two T subunits, where the y subunits are considered as a truncated product of the T subunits [110,111].
The gamma (y) subunit shares domains I-III with the tau (1) subunit, while the domain IV and the
entire alpha-interacting domain V subunit are only observed in the T-subunit. The bacterial DNA pol
III y III domain and its homolog, the eukaryotic replication factor C (RFC), belong to the AAA-ATPase
superfamily and are primarily involved in the breaking or restructuring of the supramolecular assembly
of proteins [110]. In this communication, we have selected two BLUF modular domains in association
with the DNA pol III v IIl domain only (accession number AIQ92835.1) from Methylobacterium oryzae
CBMB20, and the PRK11633-DNA pol III y III domain (WP_048452447.1) from Methylobacterium
tarhaniae (Table 1).

Furthermore, we have performed the alignment of the sequences representing the DNA pol III y III
domain against the well-characterized truncated sequence (1-373 amino acids) of the DNA polymerase
III subunit gamma/tau (WP_113440333.1) from E. coli (Figure S5). The sequences corresponding to
the DNA pol Il y IIl domains aligned against the domain II of the y III subunit of DNA pol III from
E. coli; however, most of the critical amino acids are not conserved amongst the DNA pol III vy IIL
domain. In the E. coli DNA pol III 'y IIl domain, Thr157, responsible for the hydrogen bond formation
with the terminal phosphate of AMP-PNP, is only conserved in the DNA pol III y III domain from
Methylobacterium tarhaniae but not in Methylobacterium oryzae CBMB20 (Figure S5) [110]. Moreover,
the C-terminal SARC motif (Ser168, Arg169, and Cys170) located in the 7 helix in the sensorl region,
which is highly conserved in the y subunit of almost all organisms [112,113], is found missing in
both of the DNA pol III y IIl domains. Argl69 has dual roles, where on the one hand it acts as an
“arginine finger” for the SARC motif, while on the other hand it is responsible for electrostatic and
hydrophobic interactions which hold the 4 subunit onto the y Il subunit. Arg215 is another critical
amino acid and is a part of the conserved motif G/PxPRX®P (where & is any hydrophobic residue)
located in the DNA pol III v III domains, among prokaryotes as well as among eukaryotes [112].
The correct alignment of Arg215 is very crucial for its proper interaction with the phosphate group of
ADP/ATP [110]. From the multiple sequence alignment analysis, it was observed that this particular
amino acid is conserved in the BLUF-DNA pol III 'y IIl domains but replaced by another polar amino
acid (tyrosine:Q) in the BLUF- PRK11633-DNA pol III y III domain (Figure S5).

The protein-protein interaction analysis revealed that most of the interacting partners of DNA pol
Iy III (dnaX) are the components involved in the regulation of DNA replication, such as DNA pol I
(Pol A), replicative DNA helicase (dnaB), DNA mismatch repair protein (recR), DNA pol III subunit &
(dnaE), & (holA and holB), ¢ (dnaQ), chi (holC), psi (holD) and {3 sliding clamp (dnaN) (Figure S7e and
Table S1).

3.3.8. Cytochrome p450/ p450 Superfamily

Cytochrome p450s (CYPs) are a diverse group of heam-containing monooxygenases responsible
for the oxidative degradation of steroids, fatty acid and xenobiotics [114]. These heam-thiolate
proteins are named after their spectral absorbance peak at 450 nm, due to linkage with the cysteine
thiolate of the protein [114]. In spite of a low sequence conservation, the structures are highly
conserved. The cytochrome p450 core is made up of a four-helix bundle, helices J and K, two sets
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of beta-sheets, and it possesses a heam-binding loop, a proton-transfer groove and the conserved
EXXR motif in helix K [115]. The hormone synthesis, cholesterol, and vitamin metabolism are some
other pathways that are regulated by cytochrome p450s. In this study, we have selected a protein
containing the BLUF domain associated with the p450 domain (accession number WP_045444510.1)
from Psychrobacter sp. P11F6 (Table 1). A multiple sequence alignment of the sequence representing the
p450 domain against the well-characterized CYP for Bacillus subtilis has been performed (Figure S6).
The multiple sequence alignment revealed that, among two amino acids (i.e., arginine (Arg242) and
proline (Pro243)), essential for substrate binding in the peroxygenase enzyme [116], arginine (Arg108)
is also conserved in the BLUF regulated p450 domain (Figure S6). However, in the BLUF controlled
p450 domain, hydrophobic proline is replaced by a polar amino acid residue, i.e., serine (Ser109).
In several p450 enzymes, an adjacent acidic-polar amino acid pair was reported in the substrate
binding site. In Pseudomonas putida camphor hydroxylase (CYP101A1), Asp251 and Thr252 were
observed in the substrate binding site and used to relay protons onto iron-oxo species to activate the
catalytic cycle [114]. The above observations indicate the different evolutionary routes adapted by
these enzymes for the HyO,-driven catalysis. We also performed a protein-protein interaction analysis,
which showed interacting partners for the selected protein (Figure S7f and Table S1). Most of the
interacting proteins belonged to the fatty acid metabolism (CypB, CypC, CypD, and YitS) and to the
secondary metabolism (Pks] and PksM).

3.3.9. REC Domain

Signal receiver (REC)/CheY-like photo-acceptor domains are the widely distributed regulatory
domains in bacteria (CheY, OmpR, NtrC, and PhoB), however, they are now also reported in eukaryotes,
for example, ETR1 from Arabidopsis thaliana. In the bacterial two-component regulatory system,
the response regulator typically consists of a receiver domain that is covalently linked to an effector
domain (DNA binding or catalytic units), and which is controlled by sensor kinase-catalyzed aspartyl
phosphorylation [117]. The role of the REC domain is to receive the input signal perceived and
transmitted from the sensor partner in the two-component systems. The REC domain interacts
with different proteins to regulate processes like bacterial chemotaxis and some other regulatory
pathways [118].

3.3.10. TetR and AcrR Domain

The TetR protein family is a group of transcriptional regulators with an HTH DNA-binding
motif, which is widely distributed among bacteria [119]. TetR family proteins control efflux pumps
and transporters having a role in antibiotic resistance and tolerance to toxic chemicals, synthesis of
osmoprotectants, quorum sensing, drug resistance, virulence and sporulation [120,121]. However,
the TetR family is named after its most characterized member, TetR, which has a role in the regulation
of the expression of tet genes, involved in conferring tetracycline resistance in the bacterial system [120].
Proteins with the TetR domain maintain its optimal cellular level by feedback control. TetR (dimer)
binds to two adjacent DNA major grooves (6bp each) located in the promoter region of the target
gene on both of the strands, where helix &3 (GIn38 to His44) is involved in a sequence-specific
recognition [119,120]. The Arg28 in helix 2 strengthens the specific contact with the complementary
strand [119,120]. The hydrophobic core, developed from the contributing residues from the «1, «2,
and «3 bundle, stabilizes the TetR DNA binding domain [119]. A highly conserved Lys48, located in
a4,also has an essential role in the TetR-DNA complex formation [119].

The TetR family protein also works in a complex circuit with other proteins, including AcrR,
a transcriptional repressor of the acrAB operon responsible for encoding a multidrug efflux pump which
removes a wide range of antibiotics and confers antibiotic resistance in E. coli [121]. The AcrR protein
(215 amino acid; dimer) crystal structure showed that it is composed of a three-helix DNA-binding
domain and a unique C-terminal domain (large internal cavity) for ligand binding, which is structurally
similar to members of the TetR family of transcriptional repressors [120,122]. It was predicted that
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ligand (rthodamine 6G, ethidium and proflavin) binding at the C-terminal ligand binding site leads
to an alteration in the conformation of the N-terminal DNA binding region and thereby initiates
transcription at the corresponding promoter of the target gene [123].

3.3.11. Endonuclease 3c and Endonuclease-NS Domain

The endonuclease 3¢ domain is widely distributed among the family of DNA repair proteins
such as endonuclease III and DNA glycosylase (MutY or MBD4). The members of this family
possess a conserved helix-hairpin-helix (HhH), a Gly/Pro-rich loop, as well as a conserved aspartate
residue [124,125]. On the other hand, the endonuclease-NS domain has been explicitly reported
in the DNA/RNA non-specific endonucleases and found both in prokaryotes and eukaryotes.
The endonuclease-NS domain, containing endonucleases, showed an Mg?* dependent cleavage
of double-stranded as well as single-stranded nucleic acids. The extracellular Serratia marcescens
nuclease is a well-characterized example of an endonuclease with an endonuclease-NS domain having
a conserved histidine residue. The Serratia marcescens nuclease requires magnesium ion, three acidic
(Asp107, Glu148 and Glu232) amino acid residues, as well as a few basic amino acid residues (Arg108,
Arg152) for the endonuclease activity [126,127]. Proteins with the endonuclease-NS domain are broadly
involved in hydrolase activity, nucleic acid binding and metal ion binding [126].

3.3.12. AraC Domain

The AraC protein (inducer/activator) regulates the araBAD operon in E. coli, which is responsible
for encoding structural components for the arabinose metabolism [128]. X-ray crystallization and
NMR studies demonstrated that the AraC is a dimeric protein composed of two helix-turn-helix
DNA-binding motifs [129]. AraC uses arabinose as a substrate, and the induction of the araBAD
operon depends on the concentration of extracellular arabinose (>10~7 M) as well as on the rate of the
arabinose uptake and catabolism [128].

3.3.13. Abhydrolase («/ Hydrolase) Superfamily

The «/p hydrolase superfamily is a diverse group of hydrolytic enzymes that may differ in
their catalytic function but that share a common fold with a conserved loop bearing catalytic
triad [130]. The catalytic triad involves serine, glutamate/aspartate, and a histidine amino acid
residue, and participates in the nucleophilic attack on a carbonyl carbon atom. The «/f hydrolase
fold includes proteases, lipases, peroxidases, esterases, epoxide hydrolases and dehalogenases [131].
Unlike other proteins, the core of the protein belonging to this superfamily has an «/f3 sheet composed
of 8 3 strands lined to 6 « helices [130,132].

3.3.14. Domain of Unknown Function (DUF)

Generally, every protein domain has a distinct structure and function. However, there are several
domains which have no known role, and these are referred to as domains of unknown function (DUFs).
Most of the time these domains were ignored as having little relevance, but now there are reports
which show that many DUFs are essential, as they are crucial for protein function. Basing themselves
on sets of bioinformatic analyses of several uncharacterized DUFs, Goodcare et al. speculated about
probable tasks which may be related to ATP binding or transcription [133].

3.3.15. ANK Repeats

Ankyrin (ANK) like repeats mediated protein-protein interactions between diverse groups of
proteins [134,135] have been reported in almost all species [136]. The ANK proteins exhibit a domain
shuffling via a horizontal gene transfer [137]. A protein may have several numbers of ANK repeats per
protein [134,138]. Davis et al. [138] demonstrated the association of a specific 33 residue erythrocyte
ankyrin repeat with an anion exchanger. A stack of ANK repeats has a superhelical arrangement
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with four consecutive repeats, and each unit contains two antiparallel helices and a beta-hairpin.
ANK repeats may also occur in combinations with other types of domains [134].

3.3.16. RhoGEF Domain

The RhoGEF protein is a guanine nucleotide exchange factor (GEF) responsible for the activation
of Rho family GTPases (Rho, Rac, and Cdc42) [139-141]; it controls a diverse array of cellular processes,
including cellular differentiation [142], cell morphology [143], cell motility and adhesion [144],
phagocytosis [145], cytokinesis [146], smooth muscle contraction [147], and the etiology of human
disease such as hypertension [148] and cancer [149]. The Rho family proteins are generally found in
two different conformational states, i.e., active GTP-bound and inactive GDP-bound [150]. The Rho
family GTPases have a conserved domain of ~200 amino acid residues known as the RhoGEF domain
or Dbl homology (DH) domain, which encodes a GEF specific to different Rho family members [151].
In addition to the RhoGEF domain, Rho family GTPases also have another functionally independent
conserved domain (~100 amino acid residue), i.e., the pleckstrin homology (PH) domain, located at
the C-terminus of the RhoGEF domain [152]. The C-terminal PH domain is generally involved in
intracellular targeting and regulates the function of the RhoGEF domain. The RhoGEF domain
has an o-helix bundle-like structure with three conserved regions, i.e., conserved region 1 (CR1),
conserved region 2 (CR2) and conserved region 3 (CR3). Among these three conserved regions, CR1 and
CR3 interact partly with «-6 and the DH/PH junction site, forming the Rho GTPase binding pocket.

3.3.17. PDZ Domain

PDZ domains or discs-large homologous regions (DHR) are widely spread in a wide range of
membrane-bound signaling proteins from bacteria, yeasts, plants, insects and vertebrates [153,154].
The PDZ domain presents either as a single copy or as multiple copies and interacts either with the
C-terminus of proteins or with internal peptide sequences [154]. Proteins with the PDZ domain are
generally located at the plasma membrane, where they can directly interact with phosphatidylinositol
4, 5-bisphosphate (PIP2), as observed with the class II PDZ domain in syntenin [155]. PDZ domains
(8090 amino acids) are composed of compactly arranged six 3-strands (3 A-pF) and two «-helices
(xA and aB) in a globular structure. PDZ domains interact with shaker-type K* channels in several
MAGUKS or bind similar ligands of other transmembrane receptors [154].

3.3.18. GAL4-Fungal TF MHR Domain

Gal4 is a fungal-specific positive regulator for the expression of galactose-induced genes [156].
This domain is generally located at the N-terminus of several fungal-specific transcriptional regulators
and contains a binuclear Zn cluster bound by six Cys residues; additionally, it is involved in the
zinc-dependent binding of DNA [157,158]. The transcriptional regulators or proteins with the
GAL4-fungal TE-MHR domain are generally involved in the arginine, proline, pyrimidine, quinate,
maltose and galactose metabolisms, amide and GABA catabolism and leucine biosynthesis [159].

3.4. BLUF Proteins for Optogenetic Tools

Small photoreceptors, such as sensors of blue light using flavin (BLUF), light oxygen voltage
(LOV) based receptors and cryptochromes, have been identified in the genomes of different organisms,
from prokaryotes to higher eukaryotes, as has been shown in the present study and in several
other studies [160,161]. As evident from the present study and other in vitro experiments [161-165],
one of the peculiar features of these light-sensitive motifs are their association with various effector
domains, thus hinting about the wide range of novel mechanistic and functional diversity controlled
by light. This aspect is yet to be studied in detail. Investigations into PixJ1 (blue and green light),
RcaE (red and green), changes in light-dependent E. gracilis PAC-« activity for Drosophila, behavioral
modulation and neural responses in marine gastropod Aplysia and Caenorhabditis elegans [166-171]
suggest sensitivities of each receptor toward a particular light bandwidth, which can be one of the
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important tools used to engineer a novel system for a broad range of physiological outputs. This study
further expands the possibilities for the BLUF domain to be used as a powerful optogenetic tool
for the development of novel optogenetic technologies. A vast variety of domain combinations of
BLUF photoreceptors in different genomes (Figure 1) represents a promising and valuable tool to
design novel photo-regulated enzymes, messengers, photo-modulation of gene expression patterns,
photo-control of the virulence in pathogenic bacteria through the recombinant expression of such
systems, photobehavioural responses in photobacteria, modulation of neural systems and dynamic
molecular switches to regulate biological activities. BLUF domains, in combination with the EAL,
GGDEF or CHD domains, could be utilized for the photo-dependent regulation of c-di-GMP and
cAMP associated signaling in bacteria [64,85]. The BLUF domain associated with a By, binding domain
has also been analyzed; however, it does not show the important amino acids that are required in
order to form the binding pocket for AdoBy,. Cheng et al. [92] also reported a similar BLUF module
and suggested that the associated By, binding domain also has a photosensory function which can
regulate activity in response to light. The By, binding domain broadens the absorption range for the
BLUF photosensor, which could be critical to several regulatory pathways [96,172]. We could also use
this modular combination for the photo-dependent regulation of pathways like carotenoid synthesis
or photosystem biosynthesis [92]. Another combination which could be engineered and used for an
optogenetic application is the association of the BLUF domain with the DNA pol III v III domain.
Using this modular architecture, we could regulate the actions of different components involved
in DNA replication in a light-dependent manner. Furthermore, the BLUF domain is also found in
association with the p450 (cytochrome p450) domain, which could be used as an optogenetic tool for the
light-dependent regulation of several pathways like fatty acid metabolism and secondary metabolism.
The optogenetic potential of the BLUF domain could also be acquired in the two-component regulatory
system for both prokaryotes and eukaryotes. A modular architecture in which the BLUF sensor
domain is associated with the Rec (receiver) domain could be exploited as a two-component regulatory
system for the photo-dependent regulation of processes like bacterial chemotaxis and other regulatory
pathways [118]. The optogenetic potential of the BLUF domain could also be extended to the regulation
of the efflux pump and transporter involved in antibiotic resistance, tolerance to a toxic chemical,
synthesis of an osmoprotectant, quorum sensing, drug resistance and sporulation [120-122]. The BLUF
domain associated with the TetR or AcrR domain may be exploited for the light-dependent regulation
of pathways (as mentioned earlier) in bacteria. The BLUF domain was also analyzed with the
endonuclease 3c and endonuclease_NS domains for their optogenetic potential. The BLUF domain
endonuclease 3¢ could be engineered and used as an optogenetic tool for the light-dependent regulation
of the DNA repair process. On the other hand, the BLUF domain associated with the endonuclease_NS
domain could be exploited for the light-dependent regulation of processes like hydrolase activity,
nucleic acid binding and metal ion binding [126]. The modular architectures comprised of BLUF
associated with the AraC and abhydrolase domains could also be harnessed for the light-dependent
regulation of the arabinose metabolism, as well as the diverse group of hydrolytic enzymes that include
proteases, lipases, peroxidases, esterases, epoxide hydrolases, and dehalogenases, respectively [131].
BLUF in combination with the RhoGEF domain is also considered an important modular architecture,
which could be used as an optogenetic tool for the light-dependent regulation of a diverse array of
cellular processes [142-146,148,149].

4. Conclusions

Applications of the photoreceptors in order to quickly control molecular machines and, in turn,
biological systems and processes, present the scientific community with an exciting opportunity with
several possibilities, approaches, along with their limitations as well. Recently, several such approaches
have been reported, including photoswitches, UV photo-reactivation and deactivation, spectral tuning,
and photocaging [25]. However, a detailed understanding of electron transfer mechanisms,
transient state intermediates, and amino acid patterns will allow the development of more precise
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recombinant techniques, fusion proteins and complexes for improving such systems and providing
an alternate route to design broadly reactive light-sensitive probes. In the case of LOV domains,
the deprotonation of flavin N (5) involves rate-determination for the recovery, using base catalysis,
pH, proton inventory and structural studies [173]. It will also be interesting to study mechanisms to
convert these small spectral shifts into more significant jumps leading to many fold increases in the
rage of 400-500 nm in the activities of such receptors and downstream signals. Theoretically, the fold
increase in the signal response could be improved to that extent [173,174]. Biocatalytic reactions
using photoactivated enzymes, produced either through recombinant methods or through directed
evolution, can reduce the complexity of the system by controlling the system remotely to deliver
high-value materials and compounds in biotechnology or the pharma industry. Photo-controlled
receptors like BLUF can play a vital role in biotransformation cascade in the same way as that of
photosensitive chemical groups like O-nitrobenzyl, 3-nitrophenyl and benzyloxycarbonylphenylin
organic reaction steps, where the reaction’s product acts as the substrate for the next reaction in a
multistep pathway [175]. We have identified and analysed 34 such proteins containing the BLUF domain
in association with different effector domains, such as kinases, phosphatases, phosphodiesterases,
a transcriptional repressor (TetR), PAS, endonuclease, PBP proteins, etc., involved in regulating
a wide range of cellular processes. All of the selected proteins have a conserved catalytic core,
including tyrosine, glutamine, and tryptophan or methionine, which are essential for the BLUF
photo-activation and photocycle. Until now, several photoreceptors, such as channelrhodopsin2
(ChR2) [176], phytochrome [177], cryptochromes [178], LOV [19], as well as BLUF [4,30], have been
adopted for their optogenetic potentials. However, considering the modularities in the BLUF domain
architecture and their unexplored nature, these combinations have a great potential to befurther utilized
for the development of novel optogenetic technologies. To conclude, these photoactivated/controlled
systems could be the way forward in synthetic biology, as different and subtle differences in the light
sensitivities of these vast arrays of receptors can be harnessed to regulate a reaction cascade in an
engineered organism by choosing a particular photoreactivity and control.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/18/3924/s1,
Figure S1: Multiple sequence alignment of the BLUF coupled EAL domain. Sequence representing the EAL domain
from the BIrP1 protein was used as the template for the sequence alignment analysis. Amino acid residues in solid
box are the conserved residues involved in the formation of the EAL active site, Figure S2: Multiple sequence
alignment of the BLUF coupled CHD domain. Sequence representing the CHD domain from the bPAC protein
was used as template for the sequence alignment analysis. Amino acid residues in solid box are the conserved
residues involved in the formation of the nucleotide binding site, Figure S3: Multiple sequence alignment of the
BLUF coupled PAS domain. Sequence representing the PAS domain from the photoactivated yellow protein (PYP)
from Halorhodospira halophila was used as template for the sequence alignment analysis. Amino acid residues in
solid box are representing the PAS core motif responsible for the generation and propagation of the signal to the
adjoining effector domain, Figure S4: Multiple sequence alignment of the BLUF coupled vitamin By, binding
domain. Sequence representing the B, binding domain from the CarH and AerR proteins was used as template
for the sequence alignment analysis. The conserved amino acids (Trp 131, Val138, Glu141 and His142) essential
for forming the binding pocket for the substrate, i.e., AdoBy, is not found in the aligned portion of the BLUF
coupled vitamin By, binding domain, Figure S5: Multiple sequence alignment of the BLUF coupled DNA pol III y
III domain. The sequence of the well characterized truncated (1-373 amino acids) DNA polymerase III subunit
gamma/tau (WP_113440333.1) from E. coli was used as template for the sequence alignment analysis. Amino
acid residues in solid box represent the important residues crucial for the enzyme activity, Figure S6: Multiple
sequence alignment of the BLUF coupled p450 and the well characterized CYP protein from Bacillus subtilis (used
as template). Amino acid residues in solid box representing the conserved (Arg) and altered (Pro to Ser) amino acid
residues essential for the substrate binding, Figure S7: Protein-Protein interaction network depicting interacting
partners of the selected effector domain (EAL, CHD, PAS, B, DNA POL III y III and p450) of the BLUF modular
proteins. Protein highlighted in yellow is the query protein. Protein-protein interaction analysis was performed by
using String version 11 (https://string-db.org/). Details of the query proteins, domains, along with the annotations
are given in Table S1, Table S1: Output showing the details of query proteins, domains, interacting proteins and
annotated functions.
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Abstract: We previously reported a cation channelrhodopsin, Gt_CCR4, which is one of the 44 types
of microbial rhodopsins from a cryptophyte flagellate, Guillardia theta. Due to the modest homology
of amino acid sequences with a chlorophyte channelrhodopsin such as Cr_ChR?2 from Chlamydomonas
reinhardtii, it has been proposed that a family of cryptophyte channelrhodopsin, including Gt_CCR4,
has a distinct molecular mechanism for channel gating and ion permeation. In this study, we compared
the photocurrent properties, cation selectivity and kinetics between well-known Cr_ChR2 and
Gt_CCR4 by a conventional path clamp method. Large and stable light-induced cation conduction
by Gt_CCR4 at the maximum absorbing wavelength (530 nm) was observed with only small
inactivation (15%), whereas the photocurrent of Cr_ChR2 exhibited significant inactivation (50%)
and desensitization. The light sensitivity of Gt_CCR4 was higher (ECsy = 0.13 mW/mm?) than
that of Cr_ChR2 (ECsy = 0.80 mW/mm?) while the channel open life time (photocycle speed) was
in the same range as that of Cr_ChR2 (25~30 ms for Gt_CCR4 and 10~15 ms for Cr_ChR2). This
observation implies that Gt_CCR4 enables optical neuronal spiking with weak light in high temporal
resolution when applied in neuroscience. Furthermore, we demonstrated high Na* selectivity of
Gt_CCR4 in which the selectivity ratio for Na™ was 37-fold larger than that for Cr_ChR2, which
primarily conducts H*. On the other hand, Gt_CCR4 conducted almost no H* and no Ca®* under
physiological conditions. These results suggest that ion selectivity in Gt_CCR4 is distinct from that
in Cr_ChR2. In addition, a unique red-absorbing and stable intermediate in the photocycle was
observed, indicating a photochromic property of Gt_CCR4.

Keywords: microbial rhodopsin; channelrhodopsin; electrophysiology; optogenetics

1. Introduction

Microbial-type rhodopsins are made up of seven or eight transmembrane helices with a covalently
bound all-trans retinal as the chromophore [1]. They are found in archaea, bacteria, eukaryota (such
as fungi and algae) and viruses, and are physiologically responsible for energy production and the
phototaxis reaction. Molecular functions of microbial rhodopsin involve ion transporters, sensors
and light-regulated enzymes. As for ion-transporting rhodopsins, they are divided into ion-pumps
and channels. Bacteriorhodopsin (BR) was the first identified outward directed proton-pumping
rhodopsin [2]. The discovery of a CI~ pump, an Na* pump and inward-directed proton pumps
has been even until recently [3—6]. Structure-based and spectroscopic studies, when combined with
electrophysiology and molecular dynamics studies, revealed the detailed molecular mechanism of
bacteriorhodopsin and other pumps.
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Channelrhodopsin-1 and -2 (Cr_ChR1 and Cr_ChR?2) from Chlamydomonas reinhardtii were the
first light-gated ion channels to be discovered [7,8]. These homologous proteins permeate cations
in which the permeability ratio of H*, Na*, and K* is 10°, 1, and 0.5, respectively. High-resolution
X-ray structures revealed details of their molecular architecture and provided insight into their
photoactivation and ion conduction [9,10].

Successful expression of Cr_ChR2 in neurons allowed the action potential to be manipulated
by light, which opened up a new field of research, optogenetics [11,12]. A number of variant
molecules have been engineered to improve the functionality of ChR, and homologous ChRs were
then reported [13]. Color-tuning variants cover almost the entire visible range. Cr_ChR2 displays an
action spectrum maximum at 470 nm [8]. ChR variants such as C1V1, which is the chimeric version
of ChR1 from Chlamydomonas reinhardtii and Volvox carteri, or C1C2 (a green receiver) absorb light
at around 530~545 nm [14-16]. Another red-shifted ChR, Chrimson from Chlamydomonas noctigama,
exhibits an absorption maximum at 590 nm which allows reliable neuronal stimulation by light exceeds
600 nm [17]. On the other hand, TsChR or PsChR absorb a shorter wavelength, making it possible to
excite neurons at 440 nm [18].

The lifetime of an open channel can be extended by mutations at C128 and D156 (DC pair) which
form a hydrogen bond bridge in Cr_ChR2. Mutations at C128 to Thr, Ala and Ser slowed the kinetics
of channel closing 200, 5000 and 10,000-fold respectively [19]. Cr_ChR2 D156C displayed an even
stronger effect, namely higher light sensitivity and prolonged lifetime of the open channel, by as much
as 30 min [20].

Converting ion selectivity is challenging. The Cr_ChR2 L132C mutant showed improved Ca?*
permeability [21]. The permeability ratio between H" and Na™* could be modified by a replacement at
E143 to A in Chrimson [22]. Anion channelrhodopsins were engineered or discovered from nature
and they have been applied as neuronal silencing tools [23-25]. The crystal structures of anion
channelrhodopsins revealed their unique features related to the channel gating mechanism [26-28].

A novel cation channelrhodopsin family was reported in 2016 and 2017 from Guillardia theta,
namely Gt_CCR1-4 [29,30]. These cation channelrhodopsins (CCRs) from cryptophyte algae are
more homologous to haloarchaeal rhodopsins, such as proton pumping bacteriorhodopsin, than to
chlorophyte CCRs, including Cr_ChR2. Actually, Gt_CCRs conserve the characteristic amino-acid
residues involved in unidirectional proton transfer, including the proton acceptor D85 and the proton
donor D96 in bacteriorhodopsin (Table S1).

On the other hand, a characteristic glutamic acid in TM2 (E90 in Cr_ChR2) which is crucial for
channel gating and ion selectivity, is not conserved in Gf_CCRs [23,31]. Cr_ChR2 possesses a so-called
DC pair (C128 and D156 in Cr_ChR2), which is responsible for the channel life time [19,32,33]. This is not
found in Gt_CCRs. Thus, overall sequence patterns separate these cryptophyte CCRs form chlorophyte
channels. The molecular mechanisms such as channel gating mechanism and ion selectivity could be
distinct in chlorophyte CCRs. Sineshchekov and coworkers already revealed that the retinal Schiff-base
(SB) in Gt_CCR2 rapidly deprotonates to the D85 homolog, as in BR, upon photoisomerization [34].
Channel-opening requires deprotonation of the D96 homolog. We independently identified photocycle
intermediates during the channel function of Gt_CCR4 from electrophysiological and flash photolysis
experiments. The M-decay corresponds to channel-closing, implicating tight coupling between retinal
dynamics and channel function. However, reprotonation of SB for channel closing was achieved
by the direct return of a proton from the D85 homolog. Such proton transfers are not the case
with Cr_ChR2. In Cr_ChR2, D156 in TM4 provides the proton [35]. We demonstrated, using an
FTIR study, that the secondary structural change in the primary reaction was much smaller than in
Cr_ChR2 [30]. These differences in the molecular mechanism place the cryptophyte CCR in a new
family of channelrhodopsins, which we described as “DTD channelrhodopsins” or “BR-like cation
channelrhodopsins” [29,30]. To further reveal the characteristics of these DTD channelrhodopsins,
in this study we performed electrophysiological measurements in parallel with Cr_ChR2.
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2. Materials and Methods

2.1. Expression Plasmids

A mammalian expression plasmid peGFP-Gt_CCR4 was described previously [30].
pVenus-N1-Chop2-315 was a kind gift from Prof. Yawo (The University of Tokyo) [12].

2.2. Cell Culture

The electrophysiological assays of Gt_CCR4 and Cr_ChR2 were performed on ND7/23 cells,
which are hybrid cell lines derived from neonatal rat dorsal root ganglia neurons fused with mouse
neuroblastoma [36]. ND7/23 cells were grown on a collagen-coated coverslip in Dulbecco’s modified
Eagle’s medium (Wako, Osaka, Japan) supplemented with 2.0 uM all-trans retinal and 5% fetal bovine
serum, and under a 5% CO, atmosphere at 37 °C. The expression plasmids were transiently transfected
by using the FuGENE HD transfection Reagent (Promega, Fitchburg, WI, USA) according to the
manufacturer’s instructions. Electrophysiological recordings were then conducted 24-36 h after
transfection. Successfully transfected cells were identified by eGFP or Venus fluorescence under a
microscope prior to the measurements.

2.3. Electrophysiology

All experiments were carried out at room temperature (22 + 2 °C). Photocurrents were recorded
as previously described using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA)
under a whole-cell patch clamp configuration [12]. Data were filtered at 5 kHz and sampled at
20 kHz (Digdata1550, Molecular Devices, Sunnyvale, CA, USA) and stored in a computer (pClamp10.6,
Molecular Devices). Pipette resistance was 3-6 M(). The standard internal pipette solution for
the whole-cell voltage clamp contained (in mM) 120 KOH, 100 glutamate, 2.5 MgCl,, 2.5 MgATP,
0.01 Alexa568, 50 HEPES, and 5 EGTA, and adjusted to pH 7.2. The standard extracellular solution for
the whole-cell voltage clamp contained (in mM) 140 NaCl, 2 KCl, 2 MgCly, 2 CaCl,, and 10 HEPES,
and adjusted to pH 7.2. The ion selectivity internal pipette solution for the whole-cell voltage clamp
contained (in mM) 1 NaCl, 1 KCl, 2 CaCl,, 2 MgCl,, 110 N-methyl D-glucamine, 10 CHES, and
10 EGTA, and adjusted to pH 9.0. The ion selectivity extracellular solution for the whole-cell voltage
clamp contained (in mM) Exnwg, 9.0 is 1 NaCl, 1 KCl, 2 CaCly, 2 MgCl,, 140 N-methyl D-glucamine,
and 10 CHES, and adjusted to pH 9.0. Exnwmg, 6.85 is 1 NaCl, 1 KCl, 2 CaCl,, 2 MgCl,, 140 N-methyl
D-glucamine, and 10 MES, and adjusted to pH 6.85. Exnacl, 9.0 is 140 NaCl, 1 KCl, 2 CaCly, 2 MgCl,,
and 10 CHES, and adjusted to pH 9.0. Exkcy, 9,0 is 1 NaCl, 140 KCl, 2 CaCl,, 2 MgCl,, and 10 CHES,
and adjusted to pH 9.0. Excscl, 9.0 is 1 NaCl, 1 KCl, 140 CsCl, 2 CaCl,, 2 MgCl,, and 10 CHES, and
adjusted to pH 9.0. Excaci2, 9.0 is 1 NaCl, 1 KCl, 70 CaCl,, 2 MgCl,, and 10 CHES, and adjusted to pH
9.0. Exmgciz, 9.0 is 1 NaCl, 1 KCl, 2 CaClp, 70 MgClp, and 10 CHES, and adjusted to pH 9.0. All solutions
of pH were adjusted with N-methyl D-glucamine or HCI. The liquid junction potential was calculated
and compensated by pClamp 10.6 software. Time constants were determined by a single exponential
fit unless noted.

2.4. Optics

For whole-cell voltage clamp, irradiation at 470 or 530 or 590 nm was carried out using WheeLED
and collimated LED (parts No. WLS-LED-0530-03 or LCS-0530-03-22, WLS-LED-0590-03 Mightex,
Toronto, ON, Canada) or an ND YAG flash laser, Mini lite at 532 nm (Continuum, San Jose, CA, USA)
controlled by computer software (pCLAMP10.6, Molecular Devices). Light power was measured
directly by an objective lens of a microscope by a power meter (LP1, Sanwa Electric Instruments Co.,
Ltd., Tokyo, Japan).
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2.5. Confocal Images

Cell images shown in Figure 1A,B were observed by a Nikon A1 LFOV through an objective lens,
Apo 60x Oil AS DIC N2.
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Figure 1. Basic properties of Gt_CCR4 and Cr_ChR2. (A,B) Each cation channelrhodopsin expressed in
ND?7/23 cells was stimulated by green (530 nm) or blue (470 nm) LED light (6.8 mW/mm?). Standard
solutions were used. Membrane potentials were clamped from —60 mV to +60 mV in +20 mV steps.
Fluorescence images were taken using a confocal microscope. (C) Current-voltage relationship (I-V
plot) of Gt_CCR4 (filled symbol) and Cr_ChR2 (empty symbol). Current peak component (square) and
steady state amplitude (circle) of two channels are depicted. (D) Current-decay kinetics of Gt_CCR4
and Cr_ChR2. 1. is plotted as a function of membrane voltage. Filled circle; Gt_CCR4, empty circle;
Cr_ChR2. (EF) Light power dependency of photocurrents from Gt_CCR4 and Cr_ChR2 at —60 mV.
Each channel was stimulated by 530 nm (Gt_CCR4) and 470 nm (Cr_ChR2). Photocurrent values are
normalized. Current peak component (filled circle) and steady state amplitude (empty circle) are
depicted. (n = 4-8 cells).

2.6. Statistical Analysis

All data in the text and figures are expressed as mean + SEM.
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3. Results

3.1. Basic Characterization of Photocurrent

We transiently expressed Gt_CCR4 and Cr_ChR2 in ND7/23 cells by a conventional transfection
method (FuGENE). Expression of these channels was visualized by tagged-GFP or Venus fluorescence.
Strong membrane expression was confirmed for both channels, although cytoplasmic GFP was observed
in Gt_CCR4-expressing cells (Figure 1A microscope images). We illuminated 530 nm light to induce a
photocurrent for Gt_CCR4 and 470 nm light for Cr_ChR2 at the same light intensity (6.8 mW/mm?).
A large photocurrent was recorded from the Gf_CCR4-expressing cells, reproducing previous studies
(Figure 1A, left) [30]. Current amplitude reached -2 nA at —60 mV. The current showed an initial
peak component (I,) which decayed slightly into a steady state level (Iss). However, amplitude of
the steady state still retained about 80% of the transient peak component. The photocurrent from
Cr_ChR2 showed a large peak component which reached about —2 nA at —60 mV (Figure 1A, right).
The current decayed by 50% of the initial peak, suggesting that Cr_ChR2 exhibits a markedly large
inactivation compared to Gt_CCR4. Figure 1C depicts the current-voltage relationship of photocurrent
from Gt_CCR4 and Cr_ChR2. Both peak component (I,) and steady state current (Iss) are plotted. The
shape of the I-V plot from Gt_CCR4 indicates strong inward-rectification. Iss of Cr_ChR2 displayed
similarly inward-rectification, while I, was weakly rectified, in which a markedly outward-directed
current was observed at positive membrane voltages. For both I, and Iss, Gt_CCR4 showed a larger
current density (pA/pF) than Cr_ChR2. For example, the photocurrent (Iss) of Gt_CCR4 at =100 mV
exceeded —80 pA/pEF, while that of Cr_ChR2 was only about —40 pA/pF.

Kinetics in the photocurrent decay after shutting off the light is shown in Figure 1D. The time
constant of Gt_CCR4 is about 25-35 ms under a membrane voltage between —100 and 80 mV,
while Cr_ChR2 showed faster kinetics by about 10-20 ms. Next, we compared light sensitivity in
the photocurrent of two channels (Figure 1E,F). The photocurrent amplitude from Cr_ChR2 grows
as a typical sigmoidal curve for both the initial peak and the steady state components (Figure 1F).
ECs was determined as 0.8 mW/mm? for I, and 0.35 mW/mm? for I under the conditions tested. On
the other hand, the Gt_CCR4 current showed unique growth in terms of power dependency with two
apparent phases in which the current first saturated at 0.1 mW/mm? at about 50% of full activation,
followed by the second phase of growth from 1 to 10 mW/mm? (Figure 1E). The ECso was determined
as 0.13 mW/mm? for I, and 0.18 mW/mm? for L. These results indicate that Gt_CCR4 is more sensitive
to light with respect to channel activation.

3.2. lon Selectivity

It was already reported that Gt_CCRs are H*- and Na*-permeable cation channels [29,30]. We here
investigated the cation selectivity of Gt_CCR4 in more detail relative to Cr_ChR2. Ionic conditions
of the extracellular solution were systematically exchanged with various cations including Na*, K*,
Cs*, Ca?*, Mg2+ and NMG. In the presence of NMG, one can assume H as the permeated ion.
Figure 2A,B show the I-V plot of Gt_CCR4 and Cr_ChR?2 under several ionic conditions. Obviously,
the reversal potential shift in Na™ solution is larger in Gt_CCR4 than in Cr_ChR2, suggesting that
Gt_CCR4 is more permeable to Na* than Cr_ChR2. Notably, I-V plots of Gt_CCR4 at pH 6.85 and
9.0 in NMG are almost identical (Figure 2A) whereas a large shift of reversal potential was observed
in Cr_ChR2 under the same conditions (Figure 2B). These results indicate that Gt_CCR4 has less H*
selectivity than Cr_ChR2. The photocurrent amplitude of Gt_CCR4 and Cr_ChR2 at —60 mV under
each condition is summarized in Figure 2C,D. The current amplitude of Gf_CCR4 was significantly
larger in the presence of Na* and K* close to —100 pA/pF and in the presence of Cs™ at about —40 pA/pF.
In contrast, only a negligible current was observed at low pH, or in the presence of Ca®* or Mg?*. This
supports the notion that Gt_CCR4 is more of a monovalent metal cation selective channel. In addition,
we also tested measurements under a competitive environment in which both Na* and Ca?* were
both added to bath solutions (Figure S1). Interestingly, photocurrents by Gt_CCR4 were suppressed at
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a higher Ca?* concentration (40 mM), suggesting that Na* flow is blocked by Ca?*. In contrast, such a
large difference in current amplitude was not observed under various conditions in the photocurrent
from Cr_ChR2 (Figure 2D). This is due to low ion selectivity in Cr_ChR2 as was reported previously.
To assume the selectivity ratio, the reversal potential shift from the condition with NMG at pH 9.0 is
depicted in Figure 2E. The shifts (AErey) in Gt_CCR4 are larger than in Cr_ChR2 for Na*, K*, and Cs*
indicating that Gt_CCR4 is selective for monovalent cations but less selective for H*. In the initial
study of Cr_ChR2, the permeability ratio was calculated based on the current amplitude [8]. The table
in Figure 2F summarizes the ratio both for Gt_CCR4 and Cr_ChR2. H* permeability for Cr_ChR2 is
0.77 x 10°, close to the reported value (1 X 10°), while that for Gt_CCR4 is 2.1 x 10%, indicating about
37-fold less permeability for H* in Gt_CCR4.
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Figure 2. Ion selectivity of Gt_CCR4 and Cr_ChR2. Each channelrhodopsin expressed in ND7/23 cells
was stimulated by green and blue LED light. I-V plot of Gt_CCR4 (A) and Cr_ChR2 (B) are depicted.
Steady-state current density (pA/pF) in 20 mV steps from —100 mV to +80 mV was plotted. The present
liquid junction potential was considered. The pipette solution contained 110 mM NMG-Cl at pH 9.0,
and the bath solution varied: black, NMG-Cl at pH 9.0; red, NMG-Cl at pH 6.85; green, NaCl at pH 9.0;
blue, KCl at pH 9.0; grey, CsCl at pH 9.0. See “Materials and Methods” for details about the solutions.
(C,D) Comparison of current density of Gt_CCR4 (C) and Cr_ChR2 (D) in the presence of various
cations at —60 mV. (E) Reversal potential shift (AEey) for each condition for Gf_CCR4 and Cr_ChR2.
Erev was determined from the I-V plot shown in A,B. Each E,ey value was subtracted from the Eyey at
NMG-Cl at pH 9.0. (F) Permeability ratio for H* and Na™ in Gt_CCR4 and Cr_ChR2 as estimated from
current value and ionic concentration. (n = 6-9 cells).
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3.3. Flash Laser Electrophysiology

We then measured the photocurrent under a single-turnover condition with a flash laser as the
light source (ND-YAG). As shown in Figure 3A,B, 5 ns light evoked a large inward-directed peak
current at =60 mV for both Gt_CCR4- and Cr_ChR2-expressing cells. The current amplitude and
direction are voltage-dependent for both channels, as was expected from recordings with LED. Current
growth was fitted with a single exponential function (Figure 3C). The time constant of Gt_CCR4 seems
to be independent of membrane voltage, while that of Cr_ChR2 slowed down slightly as voltage
increased. Current decay was determined as about 20 ms for Gt_CCR4 and about 5-10 ms for Cr_ChR2,
both of which are smaller than the value obtained from the measurement by LED light (Figure 1C),
suggesting two distinct open states with different kinetics.
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Figure 3. Flash laser stimulation. Standard solutions were used. Each channelrhodopsin in ND7/23
cells was stimulated by 5 ns by a green flash laser. Representative trace generated by Gt_CCR4 (A)
and Cr_ChR2 (B) in 20 mV steps from —100 mV to +80 mV. (C) ton-voltage relationship from Gt_CCR4
(filled circle) and Cr_ChR2 (empty circle). Current rise was fitted by a single exponential function.
The time constant was plotted. (D) Tyg-voltage relationship from Gt_CCR4 (filled circle) and Cr_ChR2
(empty circle). Current decay was fitted by a single exponential function. (n = 5-7 cells).

3.4. High Frequency Stimulation

For optogenetics application, reliable neuronal activation would require large and stable activity
of the light-gated ion channel. In addition, rapid channel-closing is desired for optical stimulation
at a high frequency. Thus, we compared the photocurrent from Gt_CCR4- and Cr_ChR2-expressing
cells with three different light frequencies. As shown in Figure 4A, activation of Gt_CCR4 at 10 Hz
light at 9.67 mW/mm? generated high temporal peak currents which almost fully decayed before the
next illumination. Peak amplitude remained unchanged because of a small inactivation, as shown
in Figure 1A. On the other hand, peak current amplitude immediately decayed less after the initial
stimulation in Cr_ChR2-expressing cells (Figure 4B). Stimulation of Gt_CCR4 at 20 and 50 Hz still
retained a high level of peak amplitudes, although each peak did not decay completely (Figure 4C,E).
Current inactivation was observed in Cr_ChR2-expressing cells at each frequency (20 and 50 Hz)
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(Figure 4D,F). Figure 4G summarizes the residual current level before the next stimulation at each
light frequency. At 10 Hz, both Gf_CCR4 and Cr_ChR2 showed a very low level of the current level,
indicating that channels were almost shut off. As frequency increased to 20 Hz and 50 Hz, significant
residual currents were observed which exceeded 50% in Gf_CCR4 at 50 Hz whereas Cr_ChR2 showed
a slightly lower residual current, probably because of faster channel kinetics.
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Figure 4. High frequency stimulation of Gt_CCR4 and Cr_ChR2. (A,C,E) Gt_CCR4 in ND7/23 cells was
stimulated by green LED light with a frequency of 10, 20 or 50 Hz as indicated by colored dots or a
line under each trace. Membrane voltage was clamped at =60 mV. (B,D,F) Similarly, Cr_ChR2 was
stimulated by blue LED light with a frequency of 10, 20 or 50 Hz as indicated by colored dots or a line
under each trace. (G) Residual tail current at three different light frequencies is summarized. Residual
tail current is the current amplitude right before the next photo stimulation indicated by an arrowhead

in A,B. The current value was normalized to the peak amplitude as 100%. A standard solution was
used. (n =3 cells).
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3.5. Gt_CCR4 Is Inactivated by 590 nm Light But Fully Reactivated by Blue Light

As already shown in Figure 1A, one of the obvious characteristics of Gt_CCR4 is the small
inactivation upon 530 nm illumination which is close to Amax (525 nm). Here we compared the current
shape by illumination of 530 nm and 590 nm light (Figure 5A-C). Repetitive illuminations of 530 nm
light three times gave almost the same current shape, which has a high steady state level (Figure 5A).
Upon illumination of 590 nm light, the current slowly decayed into a small steady state level, which was
further reduced after a second illumination of 590 nm LED following several seconds of a dark period
(Figure 5B,D). Even after 30 sec or 2 min, the inactivated current did not recover (Figure S1A,B). These
observations suggest that Gt_CCR4 possesses a long-lived inactivated state which could accumulate in
590 nm light. Only illuminating with 530 nm allowed for a full recovery to the original steady state
level (Figure 5C,E).
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Figure 5. Gt_CCR4 is inactivated by light with a longer wavelength. Standard solutions were used.
Membrane voltage was clamped at —60 mV. Photocurrent by 530 nm light (7.44 mW/mm?) in (A)
reached a steady state level after transient peak current. Repetitive stimulations gave almost identical
current shapes. (B) Slow inactivation of the photocurrent was observed by illumination with 590 nm
light (7.44 mW/mm?). The current was further reduced when illuminated twice with 590 nm light.
(C) After 590 nm inactivation, 530 nm light fully reactivated the photocurrent to the original steady
state level. (D) Photocurrent density from the measurement shown in (B). The photocurrent density
upon exposure to the first 530 nm light (shown in G), and the second and third 590 nm light (Y),
is shown. Ip; transient peak component. Iss; steady state component. (E) Photocurrent density from
the measurement shown in C. The photocurrent density upon exposure to the first 530 nm light (shown
in G), the second 590 nm light (Y), and the third 530 nm light (shown in G), is shown. (n = 4 cells).
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4. Discussion

In this study, we aimed to elucidate the ion-channel properties of a recently discovered
light-gated cation channel Gt_CCR4 from a cryptophyte and compare it to well-known Cr_ChR2
from Chlamydomonas reinhardtii by using an electrophysiological method. In ND7/23 cells, Gt_CCR4
showed a large current density (Figures 1C and 2A,B). Inactivation of the photocurrent obtained from
Gt_CCR4 was smaller than in Cr_ChR2. In other words, a large current was observed under constant
light (Figure 1A,B). This was also obvious in the current trace after illumination at a high frequency
(Figure 4). These characteristics promise stable and reproducible stimulation of neuronal excitability
by Gt_CCR4.

The light sensitivity of Gt_CCR4 is higher than that of Cr_ChR2 with a particular steady
state component (Iss) (Figure 1E,F). ChR variants with high light sensitivity have already been
developed [19,20], but those have a long channel life time with at least two orders of magnitude or
even much longer. Therefore, these are inappropriate for high-frequency light stimulation. In contrast,
Gt_CCR4 has a short open life time of 25-30 ms, which is about the same range as Cr_ChR2, i.e.,
10-15 ms (Figure 1D). Together, Gt_CCR4 is light sensitive and useful as an optogenetics tool with
high time resolution. Optical irradiation causes heat and elevates temperature by 0.2~2 °C, especially
in cranial nerve experiments [37]. Moreover, it has been demonstrated that the rise in temperature
suppressed neuronal spiking in multiple brain regions, serving as a warning of the use of strong light
for neuronal stimulation. Such an undesirable artefact has to be avoided by lowering light intensity,
while effective depolarization has to be stably maintained. Gt_CCR4 has the potential for overcoming
this problem.

H* permeability is high for Cr_ChR2 [8]. Permeability for Ca>* has been reported, and not only for
monovalent cations such as Na* and K* [8,21]. On the other hand, Gt_CCR4 showed high selectivity in
monovalent metal cations and low H* permeability. The permeability of a divalent cation such as Ca*
seems to be very low or negligible. The position that is important to ion selectivity has been studied in
Cr_ChR2. E90 in the central gate is crucial for cation/anion selection [23]. L132 in TM3 influences on
Ca®* permeability [21]. Duan and coworkers recently demonstrated that D156H and D156C mutation
increase permeability for Na* and K* [38]. The outer gate in Chrimson (E139) on the extracellular side
is important for Na* extrusion [22]. These key residues are not conserved in Gt_CCR4, implying that a
different ion selection property resides in DTD channels. It would be necessary to study selectivity
based on variant analysis and structural information in the future. Considering its application in
optogenetics, Gt_CCR4 would not cause a significant change to pH in the cell membrane because of its
very low H* permeability, which could be advantageous when an unknown effect by pH needs to be
prevented. To enable optical stimulation without improper calcium signaling, Gt_CCR4 might work
better than Cr_ChR2.

A single turnover photocurrent of Gt_CCR4 by laser irradiation provided a time constant (To)
of 15-20 ms, which is smaller than that obtained by constant light (25-30 ms). This suggests two
processes for channel opening and shutting. A dual photocycle model was indeed proposed for
Cr_ChR2 [39]. It is expected that a similar reaction is caused in Gt_CCR4, but more experiments are
needed to prove this.

We found a characteristic inactivation of channel activity by long wavelength absorption in
Gt_CCR4 (Figure 5). Since inactivation lasted at least a few minutes, formation of a stable intermediate
with long wavelength absorption is anticipated. Alternatively, Gt_CCR4 exhibits a photochromic
property that is seen in the photocycle of Anabaena sensory rhodopsin [40]. Such photochromism or
desensitization was also observed in chlorophyte channelrhodopsins [41,42]. We are now focusing on
understanding the reaction mechanism in greater depth via a spectroscopic experiment. In conclusion,
we here elucidated the cation channel properties of Gt_CCR4. Its high conductance and cation selectivity
without significant inactivation would be an appropriate set of features for optogenetics applications.
We are currently assessing the feasibility of Gf_CCR4 as an optical stimulator in cultured neurons.
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Featured Application: This study provides optogenetic tools with superior photocurrent
amplitudes and high Na* and Ca** conductance.

Abstract: (1) Background: After the discovery and application of Chlamydomonas reinhardtii
channelrhodopsins, the optogenetic toolbox has been greatly expanded with engineered and newly
discovered natural channelrhodopsins. However, channelrhodopsins of higher Ca?* conductance
or more specific ion permeability are in demand. (2) Methods: In this study, we mutated the
conserved aspartate of the transmembrane helix 4 (TM4) within Chronos and PsChR and compared
them with published ChR2 aspartate mutants. (3) Results: We found that the ChR2 D156H mutant
(XXM) showed enhanced Na* and Ca?* conductance, which was not noticed before, while the
D156C mutation (XXL) influenced the Na* and Ca?* conductance only slightly. The aspartate
to histidine and cysteine mutations of Chronos and PsChR also influenced their photocurrent,
ion permeability, kinetics, and light sensitivity. Most interestingly, PsChR D139H showed a
much-improved photocurrent, compared to wild type, and even higher Na* selectivity to H than
XXM. PsChR D139H also showed a strongly enhanced Ca?* conductance, more than two-fold that
of the CatCh. (4) Conclusions: We found that mutating the aspartate of the TM4 influences the ion
selectivity of channelrhodopsins. With the large photocurrent and enhanced Na* selectivity and
Ca?* conductance, XXM and PsChR D139H are promising powerful optogenetic tools, especially for
Ca”* manipulation.

Keywords: optogenetics; channelrhodopsins; sodium; calcium; DC gate

1. Introduction

Channelrhodopsins were first discovered and characterized from C. reinhardtii [1,2]. After the
showing of light-switched large passive cation conductance in HEK293 and BHK cells by Nagel et al.,
the ChR2 (C. reinhardtii channelrhodopsin-2) was immediately applied in neuroscience by several
independent groups for studies in hippocampal neurons [3,4], Caenorhabditis elegans [5], inner retinal
neurons [6], and PC12 cells [7]. H134R (histidine to arginine mutation at position 134) was the first
ChR2 gain-of-function mutant which showed enhanced plasma membrane expression and larger
stationary photocurrents in comparison to ChR2 wild type [5].

Other variants came out in rapid sequence, either of natural origin or mutated and engineered.
The calcium translocating channelrhodopsin CatCh (a ChR2 leucine to cysteine mutation at position
132, 1132C) showed improved Ca?* conductivity together with a larger photocurrent and higher light
sensitivity [8]. Newly discovered Chronos (Stigeoclonium helveticum channelrhodopsin = ShChR)
and Chrimson (CnChR1 from Chlamydomonas noctigama) showed a faster channel closing and a
red-shifted action spectrum, respectively [9]. An E90R (glutamate to arginine mutation at position 90)
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point mutation could extend the cation conductance of ChR2 to additional anion conductance [10].
Naturally, very specific anion conductive channelrhodopsins, GFACR1 and GtACR2 (Guillardia theta
anion channelrhodopsin 1 and 2), were discovered afterwards [11].

Mutation of ChR2 C128 (cysteine at position 128) to threonine (T), alanine (A), and serine (S)
slowed the closing kinetics dramatically [12-14]. Mutation of ChR2 D156 (cysteine at position 156) to
alanine also decreased the closing kinetics [14]. Spectral studies suggested that a putative hydrogen
bond between C128 and D156 could be an important structural determinant of the channel’s closing
reaction [14] or might represent the valve of the channel [15]. Thus, hydrogen bond-linked D156 and
C128 was proposed as the putative gate buried in the membrane (“DC gate”) [14,15]. But the first
channelrhodopsin structure was a chimaera (C1C2) of truncated ChR1 and ChR2, and the distances
between C167 (corresponding to C128 in ChR2) and D195 (corresponding to D156 in ChR2) are too
far away to be associated by a hydrogen bond [16]. However, the recently solved structure of wild
type ChR2 revealed a water molecule between C128 and D156 to bridge them, indeed, by hydrogen
bonds [17].

Mutation of the DC gate has a strong effect on the open channel lifetime. The ChR2 D156C
(aspartate to cysteine mutation at position 134) mutant (XXL) generated very large photocurrents
and is 1000-fold more light-sensitive than wild type ChR2 in Drosophila larvae [18]. The ChR2
D156H (aspartate to histidine mutation at position 134) mutant (XXM) also showed a superior photo
stimulation efficiency with faster kinetics than XXL, which made it an ideal optogenetic tool for
Drosophila neurobiological studies [19].

The aspartate D156 in ChR2 is located close to the protonated retinal Schiff base (RSBH+). Thus,
mutations of D156 logically have strong effects on the open channel lifetime by influencing the
protonation state of the retinal Schiff base. However, the water-bridged C128 and D156 are not in
the putative ion pore proposed by Volkov et al. [17]. And no attention had been paid to the potential
changes of ion selectivity by DC gate mutations.

In this study, we compared the ion selectivity of our previously published XXL and XXM
and found that XXM showed a four-fold increased Na* selectivity over H* together with a
two-fold increased K* selectivity over H*, compared to wild type ChR2. Based on this finding,
we made further aspartate to histidine and cysteine mutations of PsChR (Platymonas subcordiformis
channelrhodopsin) [20] and Chronos [9]. PsChR wild type was already reported to be highly Na*
conductive and indeed showed a six-fold increased Na* and K* selectivity over H* compared to
wild type ChR2 in our measurements. But the D139H mutation of PsChR further increased the Na*
selectivity over H* five-fold. Furthermore, PsChR D139H showed a 5-fold larger photocurrent than
PsChR wt.

We further compared the Ca®* permeability of these mutants. XXM showed an increased Ca®*
current compared to CatCh [8]. PsChR wild type already showed a good CaZ* current, but the D139H
mutation further increased the Ca?* current. We concluded that the mutant PsChR D139H would be a
powerful tool for optogenetic Ca®* manipulation.

2. Materials and Methods

2.1. Plasmids and RNA Generation for Xenopus Laevis Oocyte Expression

ChR2, XXM, and XXL in the pGEMHE vector were described in previous studies [18,19,21].
PsChR (from Platymonas subcordiformis, Accession No.: JX983143) and Chronos (from Stigeoclonium
helveticum, Accession No.: KF992040) were synthesized by GeneArt Strings DNA Fragments (Life
Technologies, Thermo Fisher Scientific), according to the published amino acid sequences, with the
codon usage optimized to Mus musculus. The synthesized DNA segment was inserted into the
pGEMHE vector with N-terminal BamHI and C-terminal Xhol restriction sites. Yellow fluorescent
protein (YFP), together with a plasma membrane trafficking signal (KSRITSEGEYIPLDQIDINV) [22]
beforehand and an ER export signal (FCYENEV) [22] afterward, the YFP was attached to the C-terminal
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end. Mutations were made by QuikChange Site-Directed Mutagenesis. The sequence was confirmed
by DNA sequencing. Plasmids were linearized by Nhel digestion and used for in vitro generation of
cRNA with the AmpliCap-MaxT7 High Yield Message Maker Kit (Epicentre Biotechnologies).

2.2. Two-Electrode Voltage-Clamp Recordings of Xenopus Laevis Oocytes

cRNA-injected oocytes were incubated in ND96 solution (96 mM NaCl, 5 mM KCI, 1 mM
MgCly, 1 mM CaCly, 5 mM HEPES, pH 7.4) containing 1 uM all-trans-retinal at 16 °C. Two-electrode
voltage-clamp (TEVC) recordings were performed with solutions, as indicated in figures, at room
temperature. For experiments with external Ca?*, we blocked activation of the Ca%*-activated
endogenous chloride channels of oocytes by 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraacetic
acid (BAPTA) injection. We injected 50 nl 200 mM of the fast Ca?* chelator BAPTA (potassium-salt)
into each oocyte (~10 mM final concentration in the oocyte), incubated for 90 mins at 16 °C and then
performed the TEVC measurement at room temperature. Twenty nanograms of cRNA were injected
into Xenopus oocyte for all the constructs. Photocurrents were measured two days after injection.
For Figures 1 and 2, measurements were performed in standard solution with BaCl, instead of CaCl,
(110 mM NaCl, 5 mM KCl, 2 mM BaCl,, 1 mM MgCl,, 5 mM HEPES and pH 7.6).

2.3. Light Stimulation

Illumination conditions were different, considering the published action spectra of ChR2, Chronos,
and PsChR: 473 nm for ChR2, XXM, and XXL; 445 nm for PsChR, PsChR D139H, and PsChR D139C; 532
nm for Chronos, Chronos D173H, and Chronos D173C. Lasers were from Changchun New Industries
Optoelectronics Technology. Light power was set to 5 mW/mm?, except for the light sensitivity
measurement. The light intensities were measured with a PLUS 2 Power & Energy Meter (LaserPoint
s.r.l). For light sensitivity measurement, applied light intensities ranged from 1.7 to 5000 uW / mm?.

2.4. Protein Quantification by Fluorescence

All expression levels of channelrhodopsin variants in oocytes were quantified by the fluorescence
emission values of the YFP-tagged protein. Fluorescence emission was measured at 538 nm by a
Fluoroskan Ascent microplate fluorometer (Thermo Scientific) with 485 nm excitation.

2.5. Fluorescence Imaging

Fluorescence pictures of Xenopus oocytes were taken under 5x objective with a Leica DM6000
confocal microscope after two days’ expression. Oocytes were put in a 35 x 10 mm petri dish (Greiner
GBO) containing ND96 for imaging. Excitation was done using 496 nm laser light. Fluorescence
emission was detected from 520 nm to 585 nm.

2.6. Data Processing

pClamp 7.0 was used to read out the photocurrent. Figures 1a, 2, 3, 4, 5a and Ala were made with
OriginPro 2017. Figures 1b, 5b and Alb were made with GraphPad Prism. Tables 1 and 2 were made
with Microsoft Excel. Sequence alignment in Appendix B was performed by BioEdit. Closing time was
determined by biexponential fit. Light sensitivity curves were fitted with Hill equation. All values
were plotted or presented with mean values, and error bars represent the standard deviations (SD) or
standard error mean (SEM), as indicated in each figure. Statistical analysis was done by f test within
GraphPad Prism. Differences were considered significant at p < 0.05. *** = p < 0.001, **=p <0.01,
*=p<0.05.
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Figure 1. Comparison of ChR2, PsChR, and Chronos variants. (a) Representative photocurrent traces
of ChR2, PsChR, Chronos, and their mutants. (b) Comparison of stationary photocurrents of above
channelrhodopsin variants. All data points were plotted in the figure and mean =+ standard error mean
(SEM) (n = 7-8) was indicated.
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Figure 2. Comparing the light sensitivities of ChR2, PsChR, and Chronos variants. (a) 5s, 30 s,
and 100 s continuous 473 nm blue light illumination were applied to ChR2, XXM and XXL, respectively.
Photocurrent at maximum light power density of each oocyte was normalized as 1. (b) 5 s continuous
532 nm blue light illumination were applied to Chronos, Chronos D173H, and Chronos D173C.
Photocurrent at maximum light power density of each oocyte was normalized as 1. (¢) 5s, 30 s, and 100
s continuous 445 nm blue light illumination were applied to PsChR, PsChR D139H, and PsChR D139C.
Photocurrent at maximum light power density of each oocyte was normalized as 1. Photocurrents of
XXM, XXL, PsChR D139H, and PsChR D139C were measured at —60 mV because of the larger current
and slower kinetics; other constructs were measured at —100 mV. Data points were presented as mean
+SD, n=3+4.

3. Results

3.1. Mutating the Conserved Aspartate of TM Helix 4 Influences the Expression, Photocurrent, and Kinetics

Similar to previously published results [18,19], fluorescence measurements of whole oocyte
membranes with YFP-tagged XXM and XXL showed a ~ three-fold increased expression level,
compared to ChR2 (Figure A1). The steady-state photocurrents were increased ~30- and ~48-fold for
XXM (D156H) and XXL (D156C), respectively, compared to ChR2 (Figure 1 and Table 1). The enhanced
photocurrent might have been a comprehensive outcome of the higher plasma membrane expression
level, higher light-sensitivity, or increased single channel conductance. Both XXM and XXL showed
much-prolonged closing kinetics, leading to higher light-sensitivity (Figure 1a and Table 1).
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Figure 3. Comparison of Na* and H* permeabilities of ChR2, Chronos, PsChR, and their mutants.
Reversal potentials (V) were determined after photocurrent measurements from —90 mV to + 10 mV.
Reversal potential shift for Na* was calculated by the reversal potential differences in two outside
buffers containing 120 mM NaCl pH 7.6 and 1 mM NaCl pH 7.6. Reversal potential shift for H* was
determined by the reversal potential differences in two outside buffers of pH 7.6 and 9.6 containing
120 mM NaCl. Data points were presented as mean =+ SD, 1 = 4-6.
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Figure 4. Comparison of K* and H* permeabilities of ChR2, Chronos, PsChR, and their mutants.
Reversal potentials were determined after photocurrent measurements from —90 mV to +10 mV.
Reversal potential shift for K* was calculated by the reversal potential differences in two outside
buffers containing 120 mM KCl pH 7.6 and 1 mM KCI pH 7.6. Reversal potential shift for H* was
determined by the reversal potential differences in two outside buffers of pH 7.6 and 9.6 containing
120 mM KCl. Data points were presented as mean =+ SD, n = 4-6.

We further synthesized Chronos [9] and PsChR [20] and characterized the corresponding aspartate
to cysteine, and the histidine mutations as the aspartate in transmembrane helix 4 (TM4) were
conserved in all three channelrhodopsins (Appendix B). Chronos D173C, D173H, and PsChR D139H,
D139C, all showed an increased expression level, compared to their wild type (Figure 1a). All mutants
also showed increased light-sensitivities along with prolonged off kinetics (Figure 2 and Table 1).
Chronos D173C, PsChR D139H and PsChR D139C showed dramatically increased photocurrents
while the Chronos D173H was similar to the wild type Chronos (Figure 1 and Table 1). Among these
variants, PsChR D139C was the most light-sensitive with an effective light power density (LPD) for
50% photocurrent (EPDsg) of ~ 3.2 uW/ mm?2, which was ~ 250 times more sensitive than PsChR
(Figure 2 and Table 1). The EPDs for XXL was ~ 5.4 uW/ mm?, which was ~ 130 times more sensitive
than ChR2 (Figure 2 and Table 1).
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Figure 5. Calcium permeabilities of selected channelrhodopsin variants. (a)

Photocurrent traces of different channelrhodopsins before (grey) and after (black)
1,2—bis(o—aminophenoxy)ethane—N,N,N’,N’ -tetraacetic acid (BAPTA) injection. Measurements
were done in 80 mM CaCl, pH 9.0 at —100mV. Blue bars indicate light illumination. (b) Comparison of
calcium permeability of ChR2 (light grey), Chronos (dark grey), PsChR (black), CatCh (light grey),
XXM (dark grey), and PsChR D139H (black). All data points were plotted in the figure and mean +
SEM was indicated.

Table 1. Basic properties of ChR2, PsChR, and Chronos variants.

. Closing Time (ms) EPDs
E *
xpression L 1 (%) 5 (%) (UW/mm?)

ChR2 1xt 1xt 7.5 4 0.5 (>98) - 710
XXM 2.7 x 30 x 80 + 5.5 (8) 1100 + 110 (92) 90
XXL 3 x 48 x - 71000 = 2900 (>96) 5.4
Chronos 1xt 1xt 2.8 + 0.3 (>99) - 500

Chronos
D173H 22 x 1.2 x 1400 + 160 (56) - 84
Chronos D173C 2.6 x 10 x 22 + 1.3 (85) 130 =+ 16 (15) 190
PsChR 1xt 1xt 8.5 4 0.6 (>98) - 810
PsChR D139H 22 % 6 x 37 + 2.7 (14) 810 =+ 54 (86) 160
PsChR D139C 3.1 x 11 x 3.4+ 0.8 (4) 74000 =+ 4300 (96) 3.2

T expression or photocurrent of corresponding wild type was normalized as 1x. Is, stationary (plateau) current. 3
as most ChRs exhibit biphasic off-kinetics which comprised a fast and a slow component, here the % indicated the
percentage of the amplitude of the fast (1) or slow (1) component to the whole photocurrent. Data are shown as
mean + SEM, n = 4-5. Values are presented as approximates. *, expression level was calculated from the data of
fluorescence value in Appendix A Figure Al.

Table 2. Ion selectivity of ChR2, PsChR, and Chronos variants.

Reversal Potential Shift (mV) Permeability Ratio

Na* H** K* H* ¥ Na*/H* K*/H* Na*/K*
ChR2 244+ 0.6 20+ 0.7 21+0.6 2+08 31x1077 25 %1077 1.2
XXM 49415 82+ 0.6 324+ 1.0 11+1.1 12 x 1077 5x 1077 22
XXL 30+2 10+0.8 27 +0.8 10+04 45x1077 3.8 x 1077 1.2
PsChR 58 +£2.8 88+55 54 +£57 20+13  18x 1077 16 x 107 1.2
PsChR D139H 91 +22 55+ 0.6 65+55 11406  90x1077 26 x 1077 35
PsChR D139C 51 +2.1 5404 40+17 60+£06 13x1077 8 x 107 1.7
Chronos 19 + 0.4 21+1.1 38+06 53+18 23x1077 0.33 x 107 7.1
Chronos D173H 21424 14+ 1.1 33+06 38+36 26x1077 0.28 x 10~7 9.4
Chronos D173C 31+24 95+0.6 72407 37 +26 5x10°7 0.67 x 107 7.3

Reversal potentials and permeability ratio were determined from stationary currents in the indicated solution.
Values represent mean + SD, 1 = 4-6. Values without SD are presented as approximates. *, with the existence of
120 mM Na*. ¥, with the existence of 120 mM K*.
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3.2. Mutation of the Aspartate in TM4 Influences the Na* Permeability

The potential influence on ion selectivity by mutating ChR2 D156 was not reported. To investigate
this, we measured the photocurrent at different potentials and calculated the reversal potential
shift of these mutants, when systematically changing bath solutions with different pH and Na*
or K* concentrations.

ChR2 is a non-selective cation channel which is mostly permeable to H* [2]. Both changing
extracellular pH from 7.6 to 9.6 and changing extracellular Na* concentration from 120 mM to 1 mM
altered the ChR2 reversal potential (Figure 3). The ChR2 permeability ratio of Na* to H" (Pna+/Prs)
was determined as P, /Py = 3.1x1077 (Table 2). Interestingly, D156H (XXM) influenced the Na*
permeability and increased the Py, /P four times, while D156C (XXL) changed the Pnja+ /Ph. only
slightly (Table 2).

Chronos is more permeable to H* than ChR2 with a P, /Py = 2.3x 1077 (Table 2). The D173H
mutation did not obviously change this, and D173C increased the Py /Pp. slightly to 5%x10~7
(Figure 3 and Table 2). PsChR was reported to be highly Na* conductive [20]. Changing the outside
Na™ concentration from 120 mM to 1 mM greatly influenced its photocurrent. The inward photocurrent
was nearly abolished at 1 mM Na* pH 7.6, and we determined the PSChR Py, /P to be 18 107,
which was even higher than that of XXM (Figure 3 and Table 2). The D139H mutation increased
the Py /Prs even five-fold more, to 90x 107, while the D139C mutation decreased the Py, /Prs
slightly (Figure 3 and Table 2).

Among the tested constructs, PsChR D139H was the most Na* permeable channelrhodopsin with
a large photocurrent and, to our knowledge, the most Na*-permeable channelrhodopsin ever reported.

3.3. Mutation of the Aspartate in TM4 Influences the K* Permeability

As tools for light-induced depolarization, ideal cation-permeable channelrhodopsins should be
more Na* conductive and less K* conductive, because K* efflux across the plasma membrane would
lead to a more hyperpolarized membrane potential. To test the potential influences on K* permeability
of different mutations, we measured photocurrents and calculated the reversal potential shift of these
mutants when systematically changing bath solutions from 120 mM K* to 1 mM K* in comparison to
changing pH from 7.6 to 9.6.

ChR2 had a slightly weaker K* conductance in comparison to Na* with a Pn+ /Pxy = 1.2. XXL
increased the Na* and K* permeability slightly and equally. XXM increased the Na* permeability
more than that for K*, and the Pna. /Pxy of XXM reached 2.2 (Figure 4 and Table 2). PsChR showed a
higher Na* permeability, together with an enhanced K* permeability in comparison to that for H*,
with a similar Py / Pk as ChR2 (Figure 4 and Table 2). Interestingly, the D139H mutation increased
the Na* permeability five-fold, while changing the K* permeability only 1.6-fold, thus the Py, /Px+
of PsChR D139H increased to 3.5 (Figure 4 and Table 2). The increased P+ /Px+ makes PsChR D139H
even more suitable as a depolarization tool.

Chronos, Chronos D173H, and Chronos D173C had much lower K* permeability and the highest
PNa+/Pxy value among the tested constructs (Figure 4 and Table 2). However, the H* permeability
was the highest for all Chronos variants (Table 2).

3.4. Mutation of the Aspartate in TM4 Influences the Ca>* Permeability

As obvious impacts of mutation of the conserved aspartate in TM4 on ion selectivity were
observed, we further compared the Ca?* permeability of these mutants, considering the importance
of Ca?* in biological systems. Due to the existence of Ca**-activated chloride channels in Xenopus
oocytes [23], BAPTA was injected into the oocyte to a final concentration of ~10 mM, to block the
CaZ*-induced chloride current (Figure 5). Then the photocurrents at —100 mV were measured in
outside solution containing 80 mM CaCl, at pH 9.0. At —100 mV and pH 9, no net H current could
be observed and the inward photocurrent was then only from the Ca?* influx.
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ChR2 showed a robust composite photocurrent with 80 mM CaCl, at pH 9.0 and —100 mV, which
was dramatically reduced to the pure Ca®* current after injection of 10 mM BAPTA (Figure 5a), as
reported previously [2]. Both Chronos and ChR2 showed small Ca?* photocurrents (Figure 5a). ChR2
L132C (CatCh) showed an increased Ca?* photocurrent, compared to ChR2 (Figure 5), as previously
reported [8]. Astonishingly, XXM also showed an increased Ca?* photocurrent, even higher than that
of CatCh (Figure 5). PsChR D139H showed the highest Ca®* photocurrent, which on average was
more than two times higher than that of CatCh (Figure 5b).

4. Discussion

Channelrhodopsins, originating from different organisms, show quite different properties with
respect to kinetics, action spectrum, and ion selectivity. Such changes can also be engineered by point
mutations. In this study we compared the properties of ChR2, Chronos [9], PsChR [20], and their
corresponding mutants of the aspartate in TM4 (DC gate aspartate).

Generally, the aspartate to histidine or cysteine mutations of the three channelrhodopsins
increased the expression level (probably because the mutant became more stable against
degradation [21]) and slowed the closing kinetics. Nearly all mutants showed a much-increased
photocurrent, probably because of a much-prolonged open state or enhanced single channel
conductance, with only Chronos D173H as an exception.

The tools with slowed kinetics are unfavorable for ultra-fast multiple stimulation but preferred
for experiments which require low light and longtime stimulation. The prolonged open times were
accompanied by elevated light sensitivities. Among the tested constructs, PsChR D139C and XXL
became ~ 220 times and ~ 130 times more sensitive than ChR2. If slow closing would have not been
a problem nor even desired, the more light-sensitive channelrhodopsins would have been ideal for
efficient deep brain stimulation with infrared light via upconversion nanoparticles (UCNPs) [24].
These tools need to be further tested in mammalian systems for a broader field application.

Furthermore, we investigated the influence of mutation of the aspartate in TM4 on ion selectivity.
We found that aspartate to histidine mutation of ChR2 and PsChR increased the Na* and Ca?*
permeability dramatically. To test the Ca®* current, we used BAPTA to block the Ca?*-activated
endogenous chloride channels of oocytes. The fast Ca?* chelator BAPTA may have been altering the
ion currents in more ways [25]. However, as we could see from the kinetics in Figure 5a that the CI°
current (which shows a slower off kinetics) was well-blocked. Then we could reliably compare only
the photocurrent of our channelrhodopsins.

With the large photocurrent, increased Na* permeability, and bigger Ca?* current, PsChR D139H
is a novel powerful optogenetic tool for depolarization and Ca?* manipulation. Channelrhodopsins
with higher Ca?* currents have the advantage of being “direct” light-gated Ca?* channels, in contrast
to the highly Ca?*-conductive CNG (cyclic nucleotide-gated) channels which became light-gated
channels when fused with bPAC (photoactivated adenylyl cyclase) [26].

In summary, we found that mutating the conserved aspartate in TM4 influenced not only the
expression level and kinetics of channel closing but also the ion selectivity; with appropriate mutations,
we provided novel optogenetic tools with superior photocurrent amplitudes and high Na* and
Ca?* conductance.
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Figure Al. Expression level of ChR2, PsChR, and Chronos variants in Xenopus oocyte. (a)
Representative confocal images of all the constructs, scale bar = 500 um. (b) Yellow fluorescent
protein (YFP) fluorescence emission values from oocytes expressing different channelrhodopsins. Data
was shown as mean + SEM, n = 5-6. Pictures and fluorescence emission values were taken and

measured 2 days after 20 ng cRNA injection.
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Figure A2. Sequence alignment of ChR2, Chronos, and PsChR. Conserved cysteine and aspartate of

the DC gate were marked in the red box.
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Featured Application: This report highlights the importance of the biological membrane in
channelrhodopsin-2 function and provides a framework for targeted engineering of ChR2
constructs for specific membrane compositions.

Abstract: Channelrhodopsin-2 (ChR2) is a light-gated ion channel that conducts cations of multiple
valencies down the electrochemical gradient. This light-gated property has made ChR2 a popular
tool in the field of optogenetics, allowing for the spatial and temporal control of excitable cells
with light. A central aspect of protein function is the interaction with the surrounding lipid
environment. To further explore these membrane-protein interactions, we demonstrate the role of
residual hydrophobic mismatch (RHM) as a mechanistically important component of ChR2 function.
We combined computational and functional experiments to understand how RHM between the lipid
environment and ChR2 alters the structural and biophysical properties of the channel. Analysis of our
results revealed significant RHM at the intracellular/lipid interface of ChR2 from a triad of residues.
The resulting energy penalty is substantial and can be lowered via mutagenesis to evaluate the
functional effects of this change in lipid-protein interaction energy. The experimental measurement of
channel stability, conductance and selectivity resulting from the reduction of the RHM energy penalty
showed changes in progressive H permeability, kinetics and open-state stability, suggesting how the
modulation of ChR2 by the surrounding lipid membrane can play an important biological role and
contribute to the design of targeted optogenetic constructs for specific cell types.

Keywords: Chlamydomonas reinhardtii; ion channel; optogenetics; electrophysiology; molecular
dynamics simulations; membrane-protein interaction; energy of membrane deformation; CTMD
method, residual hydrophobic mismatch

1. Introduction

The eyespot region of the green algae Chlamydomonas reinhardtii contains two photoreceptor
proteins, channelrhodopsin-1 (ChR1) and channelrhodopsin-2 (ChR2), which are implicated in the
first committed step of the phototactic response [1-3]. ChR2 is a light-activated ion channel that
conducts cations of multiple valencies down the electrochemical gradient [1,2]. ChR2 is part of the
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microbial-rhodopsin family of membrane proteins found in archaea, algae and bacteria [4]. Its structure
follows the common architecture of seven-helix transmembrane domains (TMD) that houses all-trans
retinal bound through a protonated Schiff base to a completely conserved lysine residue on TM 7 (K257
in ChR2). Photoactivation of ChR2 with blue light (Amax = 470 nm) isomerizes retinal to the 13-cis
isoform to begin the photocycle reaction that leads to ion conductance [2]. The functional properties
of ChR2 have made it a popular tool in the field of optogenetics in which excitable cells expressing
photoactivatable ion channels are controlled by light. ChR?2 activation can rapidly depolarize the
membrane of excitable cells and induce neuronal spiking of action potentials with high temporal and
spatial resolution [5].

ChR2 photocurrents rise to an initial transient peak (I,), which decays rapidly to a steady-state
value (Iss) in a process known as inactivation [6]. Once illumination ends, Iss decays biexponentially
to baseline, indicative of a two-step process [7]. Interestingly, even after long periods of recovery in
the dark, ChR2 exhibits reduced peak currents on subsequent light pulses, which is referred to as
desensitization [8]. There have been multiple attempts to generate a photocycle model that accurately
recreates ChR2 photocurrents. Several kinetic three and four-state models have been developed to
reproduce and quantify ChR2 photocurrents [9,10]. The current models consist of two closed states
and two open states (Figure 1) [11-13]. Here, the ground state C1 rapidly transitions to an initial high
conducting O1 state. Under continuous illumination conditions, O1 decays to the lower-conducting
O2 state. Once the light is turned off, ion conductance ends and O2 moves to the desensitized closed
state C2. During sufficient time in the dark, C2 thermally converts back to C1.

W~

N =

k, Gy, k, G

Figure 1. Channelrhodopsin-2 (ChR2) four-state model. Four-state kinetic model of ChR2 with
two conducting (O1 and O2) and two non-conducting (C1 and C2) states. Each transition is

il

represented by the corresponding rate parameter used in the kinetic model. The blue arrows represent
light-assisted transitions.

The ChR2 kinetic model is defined by the distribution of conformational states (O1, 02, C1, C2) with
corresponding rates of transition and the ion conductance properties of these states. Molecular detail
relating the timing of conformational changes during the photocycle to the resulting ion conductance
is required for a better understanding that can lead to predictive modeling of ChR2 function. Indeed,
compared to microbial-rhodopsin pumps, ChR2 undergoes much larger conformational changes in
backbone structure prior to ion conductance [14-16]. The analysis of conformational rearrangements
of the ChR2 molecule from spectroscopic measurements, spin-labeled electron paramagnetic resonance
(EPR) experiments and molecular dynamic (MD) simulations has indicated activation-related movement
of transmembrane segment (TM) 2 away from the bundle by over 3 A [16,17]. This movement is also
sensed by TM7 through an interhelical hydrogen-bonding network. The resulting reorientation of
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the gating residues E90, N258 and Y70 enables water penetration to the pore and subsequent ion
conductance [15].

Given the substantial structural rearrangements of transmembrane segments (TMs) in the TMD
associated with ChR2 function, it becomes important to evaluate the role and contribution of the
local membrane environment in affecting channel mechanism. Such membrane-protein interactions
have been shown to play central roles in the functional mechanisms of membrane proteins—from
G-protein-coupled receptors (GPCRs) [18-21] to transporters [22-24] and channels [25,26]—but have
not been addressed in the analysis of ChR2 function. Since the physical properties of membranes,
such as thickness, curvature, compression modulus and specific composition have all been shown to
affect the structure and function of the numerous membrane proteins studied, it seems essential to
explore the role of membrane interactions of ChR2 in order to connect expected functional properties
to diverse environments in various cells.

The membrane-mediated regulation of proteins has been addressed quantitatively in terms
of hydrophobic mismatch [21,22,27]. However, as the TM helix bundle of membrane proteins is
highly asymmetric (with TM segments of dissimilar length and orientation), the evaluation of the
mismatch is a complex task. Moreover, the conformational rearrangements associated with the
various states of these proteins (active, inactive, desensitized) engender dynamic interaction with
the lipid environment. Consequently, the hydrophobic mismatch that occurs when the membrane
spanning regions of proteins do not position hydrophobic/hydrophilic regions in alignment with their
counterparts in the bilayer is dynamic in nature, following the interfaces created in the protein states
by deforming the bilayer so that the thickness of the hydrophobic portion of the lipid bilayer can
match the hydrophobic core of the protein. This matching prevents the exposure of nonpolar (or polar)
residues to the inappropriate part of the membrane and minimizes the energetic cost. If the adaptation
of the membrane does not fully compensate the hydrophobic core, a residual hydrophobic mismatch
(RHM) is established [19], which incurs additional energy costs [22]. In simple channels, such as the
single, helical TMs gramicidin A channel, the hydrophobic mismatch can be remedied mostly by
simple membrane deformations [28]. However, in more complex channels composed of multiple TMs
the membrane adaptation is challenged by the radially asymmetric hydrophobicity of the interface
surface, which also changes with the functional or oligomerization state of the protein.

The recently developed computational approach—Continuum Theory-Molecular Dynamics
(CTMD)—has been shown to account quantitatively for the effects of complex lipid deformations
that occur with multiple TM helices [27]. Once the membrane deformation profile is established with
CTMD for each conformational state of interest, the method also quantifies the solvent accessible
area of unfavorably exposed residues due to RHM and calculates the resulting energy penalty [18,22].
Because the CTMD method calculates the energy components in a specific structural context that
identifies the residues producing the largest energy penalty, the results predict specific changes that can
be introduced by mutagenesis to reduce (or increase) the RHM and show the dependence of RHM on
the composition-dependent properties of the bilayer (e.g., thickness). Thus, the methodology can serve
prospectively to identify residues critical to hydrophobic mismatch in different lipid environments and
on this basis predict specific mutations that would increase/decrease the compatibility between the
protein and the specific bilayer, thereby guiding mutagenesis experiments and choices of preferred
membrane environments for activity.

ChR2 has been successfully expressed in functionally diverse cell lines, each with unique membrane
compositions [5,29-31]. To further explore these membrane-protein interactions, we demonstrate the
role of RHM as a mechanistically important component of ChR2 function. Through a combination
of MD simulations, CTMD calculations and functional measurements, we have quantified the key
contributions to RHM of residues within TM1 and TM7. For several decades, hydrophobic mismatch
has been proposed to modulate TM protein function. This may be the first report describing the
identification of particular residues and corresponding mutations central to the role of hydrophobic
mismatch that was also followed by experimental validation for a multi-TM protein. Notably, our results
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provide a physical premise for previously observed effects on pore diameter by the V269S ChR2
mutation reported by us [32]. Analysis of our results highlights the importance of the lipid membrane
in modulating the functional properties of ChR2 during optogenetic applications.

2. Materials and Methods

The membrane-protein interactions of the ChR2 protein were quantified with the
Continuum-Molecular Dynamics (CTMD) hybrid approach using a protocol described in detail
previously [22-27]. The all atom MD simulations were carried out following in detail the protocols that
served in our simulations of membrane proteins (e.g., see References [22,33-35]), employing NAMD
software and the CHARMMB36 force field for the protein and the membrane. ChR2 was modeled
on the structure of the C1C2 chimera [13,36,37]. Alignment with the X-ray structure of ChR2 was
performed using the MultiSeq package in VMD [38,39]. The model was embedded in a patch of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer of dimensions ~100 A by 100 A.
The length of each simulation of the resulting system was at least 200ns.

Quantification of the residual hydrophobic mismatch was achieved as previously described [22,27].
In brief, the surface area SA,.; of the ith residue participating in unfavorable hydrophobic-polar
interactions (i.e., when the residue’s hydrophobicity does not match that of its environment) was
calculated using modified residue-specific solvent accessible surface area (SASA). For hydrophobic
residues, the RHM is SAem i, where SA e i = SASA calculated for the solute comprising the protein
and the hydrophobic core of the lipid bilayer (C2-C2). For polar residues, the RHM is calculated as
SAjesi = SAproti = SAmem,i, Where polar residues are on the surface of the protein and within the lipid
bilayer hydrophobic core and SApot; = SASA with the solute comprising the protein only. An exception
is made for tryptophan, which is favorably located at the interface [40].

The energy penalty is directly proportional to SAe; and the energy penalty for the Nth TM
(N =1to7)is given by:

Nry Nry
AGyes= Z AGres,i ~ Z O'resSAres,i (1)
i=1 i=1
where the constant of proportionality oy is taken as 0.028 kcal/(mol. A?) and Ny is the number of
membrane-exposed residues in the TM [41].

As described, neither arginine nor lysine are penalized when they are located close to the lipid
headgroups [42]. In addition, serine and threonine exposed to the hydrophobic membrane interface
can form hydrogen bonding with the helix backbone and are therefore not penalized [43].

SASA are computed from all-atom molecular dynamics simulations (described below), with a
probe radius of 1.4 A and using the g sas utility of the GROMACS software [44].

2.1. Membrane Deformation

Membrane deformation can be described as a function of the local bilayer thickness d(x,y) and
the equation:

Bl y) = 300 y) ~do) @

where dj is the bulk thickness of the bilayer away from the protein. The trajectory is centered at that
protein and the time-averaged d(x,y) is computed by fitting a 2A x2A rectangular grid to the phosphate
beads over the course of the trajectory, followed by spatial smoothing. In this manner, the d(x,y) can
then be calculated around ChR2 from the MD trajectory. More complete details of this methodology
can be found in Reference [27].

For the calculation of deformation free energies using the CTMD method, the membrane
is considered an elastic continuum, where the deformation energy cost is the sum of the
compression-extension, splay-distortion and surface tension components [28,45]. To obtain (x,y) the
Euler-Lagrange equation is solved with no assumption in regard to radial symmetry and with specific
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boundary conditions on the protein-membrane boundary taken from the MD simulation results as
described previously [27]. The solution to the Euler-Lagrange equation for the ChR2 systems yields
the energy cost of the membrane deformation computed using the boundary conditions from the
MD simulations.

2.2. Molecular Biology, mRNA Synthesis and Oocyte Injection

The gene encoding for a truncated ChR?2 (residues 1-308) with a C-terminal hemagglutinin tag was
cloned into the pTLN vector between EcoRV and Xbal restriction sites [13,32,37,46]. All point mutations
were created using the QuikChange site-directed mutagenesis (Agilent Genomics). Mutations were
verified by full gene sequencing.

Oocytes were extracted from female Xenopus laevis frogs by partial ovariectomy. Oocytes were
digested in ORI (-) buffer (90 mM NaCl, 2 mM KCl, 5 mM MOPS; pH 7.4) supplemented with 3 mg/mL
collagenase type Il at 17 °C with gentle shaking. After digestion, oocytes were washed with copious
amounts of ORI (+) buffer (90 mM NaCl, 2 mM KCl, 2 mM CaCl,, 5 mM MOPS; pH 7.4). ChR2 mRNA
was synthesized in vitro using the SP6 mMessage mMachine kit (Agilent, Santa Clara, CA, USA).
The mRNA was diluted to 1 ug/uL in DEPC-treated water. A volume of 50 nL. mRNA was injected into
each oocyte (50 ng total). Post-injection, oocytes were stored in 5 mL of ORI (+) supplemented with
1.5 uM all-trans retinal and 1 mg/mL gentamycin at 17 °C in the dark for 3-4 days.

2.3. Electrophysiology

Borosilicate glass electrodes were pulled using a PC-10 puller (Narishge, Amityville, NY,
USA). The microelectrodes were filled with 3 M KCl and had tip resistances between 0.5-1.5 M(Q).
Voltage-clamping of oocytes was achieved through a Turbo-tec 03X amplifier connected to a 1440 A
Axon Instruments digitizer (Molecular Devices, San Jose, CA, USA). Voltage protocols and current
recording were controlled with Clampex software. ChR2 was activated via a 1 mm light guide
connected to an Omicron LEDMOD V2 300 mW LED module with an emission wavelength of
470 nm. The membrane voltage was varied from —100 mV to +40 mV in 20 mV steps. Sodium
solutions consisted of 100 mM NaCl, 2 mM MgCl,, 0.1 CaCly, 5 mM MOPS/5 mM MES at pH 7.5
and 6.0, respectively. Reversal potentials were determined from current-voltage curves at I, and Igs.
Kinetic parameters were determined by fitting photocurrent traces with monoexponetial (Tgecay) OF
biexponential equations (Tog).

2.4. Four-state modeling of photocycle kinetics

The mathematical model describing ChR2 photocycle kinetics was developed based on previous
four-state models (Figure 1) [11-13,45]. Transitions between the two closed (C1 and C2) and two open
(O1 and O2) states can be described by the following rate equations:

dc1

7:Gr><02+Gdl><Ol—k1><C1 3)
dd% = Gp x 02 - (kj + G,) x C2 )

d% =k X Cl + ey X 02 = (G + epp) x O1 ®)
% =k X C2 4 epp x O1 — (Ggp + €y1) x O2 (6)
Cl+C2+01l+02=1 @)

where C1, C2, O1 and O2 represent the population of each state, G; is the thermal conversion of C2 — -
C1, Gqy are the back reactions O1(2) — C1(2), ey is the O1 — O2 transition and ey; is the reverse
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reaction. The light-assisted transitions ky/, represents activation of C1 and C2 respectively and are
described by:
kijp = €1/2Fp )

where ¢ is the quantum efficiency of retinal photon absorption in C1 or C2, F is the photon flux and p is
the state-dependent activation function related to the non-instantaneous response of retinal to light
described by References [47,48]:

dp
7 = S0(®) = p)/Tenre ©)
where Sy(0) is the sigmoidal function and Tchgo is the time constant for activation. Finally, the solutions

to the rate equations are used to determine the current (I) flowing through ChR2:
I = Imax (O1 + vO2) (10)

With y representing the conductance ratio between the O2/01 individual conductances g, and g; and
Imax is Vinxg;.

Photocurrent traces were imported into Mathworks MATLAB 2013. The parameters describing
the photocycle (k1, ky, G41, Gaz, €12, €21, Imax, ¥, Gr, Tchre) were optimized using the FMINCON
function and used to fit experimental traces. Differential equations were solved using the built-in ode23
function. Minimization between the theoretical and experimental traces was done using a simple sum
of squared error routine.

3. Results

3.1. Identification and Quantification of Residual Hydrophobic Mismatch

To quantify residual hydrophobic mismatch for ChR2 in the POPC membranes, we obtained
an extended simulation trajectory from MD simulations of the ChR2 homology model based on the
C1C2 structure, embedded in a POPC lipid bilayer. The ChR2 homology model aligns closely with the
recently solved X-ray structure of ChR2 (Figure 2A) with a RMSD of 1.17 A (Figure 2A) [39]. The most
notable structural differences occur in the N-terminal domain and the loop between TM1 and TM2.
The CTMD approach was then used as previously described [22,27] to calculate the consequences
of protein-membrane interaction, including membrane deformation and the free energy cost of
the RHM. The analysis revealed significant residual hydrophobic mismatch in WT ChR2 (Table 1).
Although membrane deformation had alleviated some unfavorable interactions, residues located at the
cytoplasmic interface of TMs 2, 6 and 7 remained exposed to either polar or hydrophobic inappropriate
environments due to the local adjacency to residues with diverse properties that prevented further
adaptation of the membrane (see References [22,27]) Consequently, Q73 on TM1 and Q210 on TM6
were found to face the hydrophobic interface of the membrane. This caused membrane thinning in
the adjacent regions of both residues, leading to water penetration into the membrane and exposure
of V269 to a polar environment (Figure 2B). Substantial RHM was also observed at N187 and V269.
Notably, mutations at these positions have previously been shown to affect ChR2 function [32,49].
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Figure 2. Homology model comparison and structural context of hydrophobic mismatch. (A) Structural
alignment of the ChR2 homology model (lime) used for the calculations and the ChR2 X-ray structure
(blue). (B) The averaged membrane deformation around ChR2 is shown on a snapshot of the protein,
with the residues where residual hydrophobic mismatch (RHM) occurs highlighted. The membrane
deformations are shown in terms of the time averaged phosphate surface around the centered protein
and water penetration. RMSD: Root mean square deviation

Table 1. Percent change of residual hydrophobic mismatch for channelrhodopsin-2 when compared
to wild type protein, calculated with respect to the RHM of the entire protein. The average energy
cost of RHM for WT channelrhodopsin-2 and select mutant constructs embedded in a POPC bilayer
was calculated for the entire ChR2 homology model across the bilayer (top row) and leaving out TM1
residues modeled as being in a loop (bottom row). The relative rank of differences among the constructs
is unchanged under the two conditions. These differences in RHM among constructs are consistent
with the pattern of experimentally observed differences in the function of the constructs.

WT (KT) V259S (kT) (% RHM V269N (kT) (% RHM Q210A (kT) (% RHM

Decrease) Decrease) Decrease)
12.1 7.7 (36%) 5.8 (52%) 3.1 (74%)
7 3.7 (47%) 3 (56%) 2.3 (67%)

The energy cost of residual hydrophobic mismatch across the bilayer was calculated upon
mutagenesis at V269 and Q210 (Table 1). The RHM for Q73 was not calculated because it is located in a
modeled loop connecting TMs 1 and 2, which is unresolved in the C1C2 chimera template. Initially,
the RHM was calculated for the entire ChR2 homology model, comprising of RHM at residues 210,
269,270, 69 and 73. As the residues in TM1 are in a modeled loop, RHM was also calculated leaving
out the residues in TM1. Both sets of calculations resulted in the same general trends. First, mutation
of V269 to serine or asparagine decreased RHM. The decrease in RHM can be directly attributed to the
observation that replacement of the hydrophobic residue (V) with polar residues (S or N) eliminates
the RHM energy penalty when water penetrates into ChR2 at this position. Similarly, mutation of
Q210 to alanine also reduced the RHM energy penalty. Interestingly, the Q210A mutation also lowered
RHM at the neighboring V269, as the elimination of the polar residue likely reduced water penetration.
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These calculations thus added V269 to the cluster of adjacent polar and hydrophobic residues that are
responsible for the large RHM penalties: Q210 (TM6), V269 and L270 (TM7), F69 and Q73 (TM1).

As controls, energy penalty calculations were done for I95L and Q210N, two mutations that
should not affect RHM. Indeed, neither of these null mutations changed the energy penalty compared
to WT ChR2 (without TM1 contributions, compare the calculated energy penalty value for the WT: 7 kT,
to those for I95L: 6.6 kT and Q210N: 6 kT). Differences of <1 kT are within thermal energy fluctuations
and cannot be considered biologically significant

3.2. Probing the Effects of Predicted RHM Changes with Experimental Measurements of Function for
ChR2 Constructs

In order to directly assess the functional effect of changes in RHM energy penalty on the
functional properties of ChR2 constructs, we used two-electrode voltage clamp measurements. A trio
of membrane-facing residues located at the cytoplasmic/TM interface (Q73, Q210, V269) were mutated
to reduce RHM, in two cases by increasing the hydrophobic surface of the protein (Q73A and Q210A)
and in once case decreasing it (V269N). Additionally, the two null mutants (Q210N and I95L) calculated
to produce no change in RHM energy cost were also assayed. Functional expression of the mutants
was tested in X. laevis oocytes under voltage-clamp conditions. The results show reduced photocurrent
for the Q73A, Q210A and V269N constructs, while Q210N produced increased photocurrent compared
to WT (Figure 3). Q73A had currents <50 nA and was not analyzed further. I95L had no observable
photocurrent under our experimental conditions.
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Figure 3. Representative photocurrent traces for RHM ChR2 mutants. Photocurrents were recorded in
Na® solution at pH 7.5 at Vi = =100 mV. Blue bar indicates illumination with blue light. WT—blue;
Q73A—purple; I95L—yellow; Q210A—red; Q210N—green; V269N—orange.

The functional effect of RHM on ChR2 selectivity was quantified by measuring reversal potentials
(Erev) at I, and Iss in Na* solutions at pH 7.5 and 6.0 (Figure 4A) (see Materials and Methods).
This allowed the determination of selectivity between Na* and H*. Additionally, by measuring
reversal potentials at the peak and steady-state currents we could monitor the progressive ion
selectivity as ChR2 transitions between open states. A positive shift in Iy Erev for V269N was observed
at both pH 7.5 and 6.0 compared to WT. The shift was much larger at pH 6.0 than at pH 7.5, where the
current is carried mostly by protons (pH 6.0) and not a mixture of Na* and H* (pH 7.5). In contrast,
a hyperpolarizing shift in Eyey for Iss was observed for this mutant only at pH 6.0 compared to WT
(V269N: 13.2 + 1.2; WT: 24.6 + 1.5) (Figure 4B and C; Table 2). This indicated that the permeability of
H* was increased at the beginning of ion conductance (Ip) but then decreased over time (Iss) when
compared to WT. Equally, when changes in Ey were considered, V269N becomes progressively less
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permeable for H* at pH 6.0. Interestingly, the control Q210A mutant had no observable effect on ion
permeability. The null mutant did significantly alter the progressive ion selectivity at pH 7.5 and
6.0 but only to a small degree (Table 2). We also determined steady-state to peak current ratios that
provide a measure of ChR2 inactivation during prolonged light exposure (Figure 4D). Both Q210A
and V269N had significantly increased ratios (Q210A:0.37 + 0.01; V269N: 0.33 + 0.01; Vm = —=100 mV,
pH 7.5) compared to (WT: 0.29 + 0.01), correlating to less inactivation under continuous illumination.
The Q210N mutation had no effect on Iss/I}, ratios.
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Figure 4. Biophysical characterization of RHM-affecting mutants. (A) Representative steady-state
current-voltage relationship of select mutants in Na* 6.0 solution. (B) Absolute reversal potentials
determined at Ip and Igs in Na* solutions at either pH 6.0 or 7.5. (C) Differences in Eyey determined as
noted. (D) Steady-state to peak current ratios, which are a measure of ChR2 inactivation. Values are
reported as the average + SEM (n = 7-15). Statistically significant values are denoted with * (p < 0.05).
WT—blue; Q210A—red; Q210N—green; V269N—orange.

Apparent rate constants for decay and off kinetics were calculated. Decay kinetics were calculated
by fitting ChR2 photocurrent traces from I, to Iss with a monoexponential or biexponential equation,
respectively (Figure 5A). V269N had the largest effect on decay kinetics, resulting in accelerated
inactivation. Q210A and the null mutant Q210N had no significant effect on decay kinetics (Figure 5B).
A similar trend was observed for off kinetics, with V269N having accelerated rates and both Q210
variants not significantly altering kinetics (Figure 5C).
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Table 2. Summary of reversal potentials. The superscript denoted the pH of the solution used.
Values are reported at the average + SEM (n = 7-15). Statistically significant values are denoted with

*(p < 0.05).
Construct Ip7,5 1557.5 Ipﬁ.ﬂ 1556.0 ISS'Ip 7.5 Iss'Ip 6.0 ISSG,O - 1587'5 IP640 — IP7.5
WT 430+19 —-9.84 + 0.8 525+27 246+15 -141+21 —27.8 +3.1 345+ 17 482 +33

Q210A 9.39 £0.8
V269N 10.6 + 0.4
Q210N -1.55+22

-620+15 542+26
-758+£07 750+4.6*
-85+ 1.6 453 +£1.2

20118 -156+18 -341+32 263 +24 448 £2.7

13.2+1.2

* -182+08 —618+48* 207 +1.4* 64.44.7*

282+13 -69+27* -170+18% 36.7 £2.1 46.9 £2.5
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Figure 5. Kinetic properties of RHM-affecting mutants. (A) Summary of exponential fitting of
apparent rate constants. (B) Decay rate comparison of RHM-affecting and null ChR2 mutants.
(C) Off rate comparison of RHM-affecting and null ChR2 mutants. Error bars represent the SEM
(n = 7-15). Statistically significant differences are denoted by * (p < 0.05). WT—blue; Q210A—red;
Q210N—green; V269N—orange.

Lastly, to determine whether RHM differences explain changes in the modulation of discrete
transitions in the ChR2 photocycle, a four-state kinetic model was applied to fit experimental
photocurrent traces. Theoretical fits were obtained by optimizing a set of nine parameters describing
rates of transition and fundamental properties of the channel (Figure 6) (see Materials and Methods).
The null Q210N mutant had the least effect on our parameters compared to WT (Table 3). Only the
transition from O1 to O2 was slightly accelerated for this mutant. Both V269N and Q210A saw the
largest change from the WT fits, having altered recovery and O2 -> O1 kinetics. Q210A also had a
slower O2 to C2 rate while V269N had an accelerated O1 to O2 transition.
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Figure 6. Four-state photocycle theoretical fits. Theoretical fits were obtained by parameter optimization
and objective function minimization as described in the Materials and Methods. Solid black line is the
experimental average while the dashed red line is the average theoretical fit.

With the four-state model, we explored the population of states at specific time points (Table 4).
The time at which each ChR2 construct reached peak current was quantified. Both Q210 variants were
comparable to WT (8.0 ms), while V269N was accelerated (5.3 ms). Next, the population of O1 and O2
was evaluated at the time point that corresponded to I, and also directly before the light was turned
off at 1490 ms. Analysis of the two time points revealed similar state populations for all mutants and
the WT. The largest variation occurred for O1 at I, where the RHM mutants Q210A and V269N had
higher occupancy while the null Q210N mutant was lower.

Table 4. State population comparison. The population of O1 and O2 were determined at specific time
points as described in the text. Values are shown as a fraction of the maximum occupancy, i.e., O1 + O2
+C1+C2=1.

State Population WT Q210A V269N Q210N

Time to Peak (ms) 8.0 7.7 5.3 7.3
O1 Peak 0.46 0.55 0.52 0.38
02 Peak 0.09 0.10 0.11 0.09
O1 Stat 0.13 0.19 0.16 0.10
02 Stat 0.65 0.61 0.67 0.65

4. Discussion

The expression of channelrhodopsin-2 for purposes of optogenetic manipulation has been carried
out in a variety of different cell types, including cardiac cells and neuronal cells [5,50]. Importantly,
ChR2 undergoes marked conformational changes during photoactivation which are crucial for the gating
mechanism and these are likely to affect the interaction with the surrounding membrane environment.
Therefore, we undertook here the quantification of an important component of the interaction of
ChR2 with a model membrane, employing an approach that combines computational methods that
include MD simulations and CTMD analysis [22,51], with related experimental approaches using
electrophysiology [32,46] and kinetic modeling [13]. We explored the contribution of the surrounding
lipid environment on ChR2 function by quantifying the membrane deformation around the TM
core and found that the membrane deformation does not fully eliminate the hydrophobic mismatch
between the ChR2 protein and the surrounding membrane, as several residues remain exposed to
unfavorable environments. The large energy penalty associated with this RHM was located at the
cytoplasm-facing membrane-protein interface located between adjacent TMs 1/2 and 6/7. This is
especially interesting in the context of ChR2 gating because of the large movements of TMs 2 and
7 after photoexcitation [16,17,52]. Analysis of MD simulation trajectories showed that the RHM
penalty in WT ChR2 is associated with water penetration into the membrane caused by thinning
of the bilayer around the polar residues Q210 and Q73. As a result, V269 becomes exposed to a
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more polar environment. Using experimental electrophysiological approaches, we examined the
relation between predicted RHM and measured functional properties to probe the predictive value of
the RHM in identifying critical residues in lipid-protein interactions. The simulations were carried
out in a generic model of the membrane environment of POPC lipids to enable the evaluation of
results in the context of the overwhelming majority of studies of membrane proteins and GPCRs in
particular, using this model membrane. These include computational studies by us [19,53-55] and
many others [56]. The expectation that membrane-determined effects will result from RHM for the ChR
was confirmed by the computational results and the corresponding experimental probing. This opens
the way for future studies to interrogate cell-specific environments and their role in the use of the ChR
tool, in the way demonstrated in our other studies in which the effects of cholesterol, PIP2 and lipids
with varying chain lengths and charge properties [34,35,57,58].

The effects of mutating V269 (in TM?) to asparagine illustrate the relation between a change
in the mode of interaction of ChR2 with the membrane and the measured electrophysiological
properties. As described, the V269N mutation reduces the hydrophobic mismatch (see Figure 2B) and a
hydrophobic residue at this position is highly conserved in channelrhodopsins. The measured reversal
potentials for this mutant indicate severely reduced progressive proton selectivity, lower inactivation
and accelerated kinetics. Previously, we had observed a similar effect at this position with the
V269S mutant as this mutation caused a reduction in channel permeability and pore size [32].
Interestingly, TM7 undergoes reorientation and movement upon photoisomerization [59] and recent
MD simulations comparing all-trans retinal and 13-cis retinal bound C1C2 structures revealed outward
cytoplasmic bending of TM7 [59]. This is a common movement in microbial-rhodopsins that leads
to ion transport [60,61]. Previously, we had attributed the reduction in pore size and function of the
V269S mutation to a water-mediated hydrogen bond network that prevents large movements of TM7.
However, our experimental results here indicate the importance of lowering RHM at this position and
the observed effects on channel permeability for both V269S and V269N in addition to the reduction
in pore diameter observed for V269S. This suggests that lowering RHM of ground state ChR2 leads
to an unfavorable positioning of TM7 in the open state which restricts the minimum pore diameter.
This is further supported by analysis of our kinetic modeling of V269N, which exhibits destabilization
between O1 and O2 compared to WT [V269N R = 5.08; WT R¢ = 6.67 where R¢ is the reaction coefficient
(e12/e21)] and reduced maximal current.

We propose that once the pore is formed, V269N becomes exposed to an unfavorable environment
or allows for further water penetration exposing proximal hydrophobic residues resulting in the loss
of function. This correlates with the conformational movement of TM7 during pore formation and the
influx in water prior to ion conductance [15,16,62].

Functionally similar was the effect of Q210 mutation to alanine. Our computational results
showed a large reduction in the RHM energy penalty with Q210A. This large reduction is a result of
positioning the hydrophobic alanine residue in a favorable environment and also a consequence of the
elimination of the Q210 mismatch which decreases the water penetration to the neighboring V269,
thereby further lowering the RHM. As functional correlates, we observed a reduction in photocurrent,
lower inactivation and slightly accelerated decay kinetics. Although there was no change in selectivity
under our experimental conditions, this is unsurprising as TM4 has not been shown to contribute
to the permeation pathway. Notably, Q210 is also highly conserved among channelrhodopsins and
has a clear structural impact on ChR2 function as suggested by previous serine substitution [32].
The kinetic parameters also indicated a similar destabilization of the open state preference to O2 and
significantly reduced quantum efficiency of the C2 to O2 transition as in V269N. To test whether
or not our results were a direct consequence of RHM, we created an expected RHM null mutant at
this position (Q210N), which we expected to have limited functional impact. Indeed, we found that
reversal potentials and kinetics of Q210N are similar to those of WT ChR2. While Q210N did have
increased photocurrent, the permeability and kinetics remained similar to WT. Therefore, the increased
photocurrent of Q210N is likely not related to RHM. Our modeling also revealed limited impact on

107



Appl. Sci. 2019, 9, 2674

photocycle kinetic parameters for this mutant. It remains unclear how decreasing RHM at Q210
affects structural rearrangements of TM4 as little is known about the movement of this TM. However,
because mutation of Q210 to alanine also changes the environment at V269 on TM?7, it is possible that
there is a secondary effect sensed through TM7, which is critical for channel activation.

Our results have documented the clear and quantitatively substantiated effects of residual
hydrophobic mismatch at the cytoplasmic interface in ChR2 on channel function. They show that
the energy cost of positioning residues in unfavorable environments can indeed be reduced by the
exchanges of polar/hydrophobic properties predicted from the computations but that the reduction
of the RHM penalty in the closed state has deleterious effects on ChR2 conductance, selectivity and
open state stability. This is not always the case, however and the direction of the effect of RHM
reduction depends on the functional mechanism, as illustrated by results for the bacterial transporter
LeuT, where removal of RHM by the K288A mutant increases transport function nearly 5-fold [63].
The opposite effect of RHM on ChR2 compared to the LeuT case is consonant with the conservation of
the RHM-causing residues in the channelrhodopsins, in contrast to the uniqueness of the K288 which
is not conserved among LeuT-fold transporters.

Because ChR?2 is a conformationally complex channel that is partially regulated by protein-lipid
interactions as demonstrated here, it is remarkable that the expression of ChR2 in excitable cells
including cardiomyocytes, CA1 pyramidal cells and Drosophila motor neurons covers a variety of cell
types with diverse lipid composition across species [64—66]. This report, covering what we believe
to be the first combined analysis of residual hydrophobic mismatch using computational methods,
with prospective experimental validation, shows how exposure of ChR2 residues to unfavorable
environments affects channel function. Consequently, the consideration of lipid composition and
the specific mutant ChR2 being used for optogenetics merit specific consideration. A more targeted
approach can be taken for engineering mutants that will favorably express/function depending on the
cell line used.
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Abstract: Channelrhodopsins (ChRs) belong to the unique class of light-gated ion channels. The
structure of channelrhodopsin-2 from Chlamydomonas reinhardtii (CrChR2) has been resolved, but the
mechanistic link between light-induced isomerization of the chromophore retinal and channel gating
remains elusive. Replacements of residues C128 and D156 (DC gate) resulted in drastic effects in
channel closure. T127 is localized close to the retinal Schiff base and links the DC gate to the Schiff
base. The homologous residue in bacteriorhodopsin (T89) has been shown to be crucial for the visible
absorption maximum and dark-light adaptation, suggesting an interaction with the retinylidene
chromophore, but the replacement had little effect on photocycle kinetics and proton pumping activity.
Here, we show that the T127A and T127S variants of CrChR2 leave the visible absorption maximum
unaffected. We inferred from hybrid quantum mechanics/molecular mechanics (QM/MM) calculations
and resonance Raman spectroscopy that the hydroxylic side chain of T127 is hydrogen-bonded to
E123 and the latter is hydrogen-bonded to the retinal Schiff base. The C=N-H vibration of the Schiff
base in the T127A variant was 1674 cm ™!, the highest among all thodopsins reported to date. We also
found heterogeneity in the Schiff base ground state vibrational properties due to different rotamer
conformations of E123. The photoreaction of T127A is characterized by a long-lived P,%% state during
which the Schiff base is deprotonated. The conservative replacement of T127S hardly affected the
photocycle kinetics. Thus, we inferred that the hydroxyl group at position 127 is part of the proton
transfer pathway from D156 to the Schiff base during rise of the P;5%0
provides molecular reasons for the evolutionary conservation of the chemically homologous residues
threonine, serine, and cysteine at this position in all channelrhodopsins known so far.

intermediate. This finding

Keywords:  channelrhodopsin; resonance Raman; flash photolysis; hybrid QM/MM
simulation; electrophysiology

1. Introduction

Channelrhodopsins (ChRs) are members of the group of microbial rhodopsins that are light-gated
cation channels. They were originally found in the eyespot of the algae Chlamydomonas reinhardtii (Cr),
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where they serve to identify optimal light conditions during phototactic movement [1,2]. Typically for
rhodopsins, ChRs consist of seven a-helices spanning the membrane and a retinylidene chromophore,
which is bound via a Schiff base to a lysine in the core of the protein.

Within the new research field of optogenetics, the coding sequences for light-responsive proteins
together with regulating promoters can be introduced into complex organisms and expressed in a
tissue-specific way, where cell processes can be triggered. Channelrhodopsin-2 (CrChR2) in neurons
can depolarize the nerve cell when illuminated by light of the corresponding wavelength. Although
this protein is already frequently used as optogenetic tool, aimed at medical approaches like restoring
vision and hearing, the mechanism of action is still not completely understood. Comparison to related
microbial rhodopsins where individual positions in the protein sequences are highly conserved could
guide our approach towards mechanistically important amino acid residues which have demonstrated
effects on photocycle kinetics, activity, and/or structural stability upon mutation.

Decades ago, the Khorana group investigated the role of threonines in the proton pump
bacteriorhodopsin (bR) from Halobacterium salinarum. In that study, the T8V variant exhibited
a blueshift of 146 nm of the visible absorption spectrum without impairing proton pumping [3]. It
was concluded from FTIR and time-resolved absorption spectroscopy in the visible range that T89
exerts steric constraints during isomerization of the chromophore and is part of a hydrogen-bonded
network including a water molecule and the residues Y185 and D212 [4]. Years later, the same
group demonstrated that the hydroxyl group of T89 interacts with the protonated Schiff base in
light-adapted bR and influences proton transfer to D85 during the photocycle [5]. However, from X-ray
structures [6,7], it became apparent that the OH group of T89 forms a hydrogen bond to an oxygen of
the side chain of D85 rather than to the Schiff base. It was concluded from polarized FTIR spectroscopy
that the isomerization of the chromophore after light excitation leads to a shortening of the hydrogen
bond between T89 and D85, indicating an interconnection to the Schiff base [8]. This tight complex
persists from the K intermediate until the M intermediate [9].

The hydroxylic amino acid side chain of T89 of bR is conserved in many channelrhodopsins.
The corresponding residue T127 of C¥rChR2 is located in immediate vicinity to the retinal Schiff base
(Figure 1), with a distance of 3.7 A of the threonine oxygen to the Schiff base nitrogen in the crystal
structure. Other channelrhodopsins carry a serine [10] or a cysteine at this position. The latter appears
in CaChR1 (from Chlamydomonas augustae) and CyChR1 (from Chlamydomonas yellowstonensis) [11].
Even anion-conducting channelrhodopsins, which do not conserve E123, have a threonine or a cysteine
at this position [12].

Figure 1. X-ray crystallographic structure of Chlamydomonas reinhardtii channelrhodopsin-2 (CrChR2)
(PDB: 6EID [10]). The protonated Schiff base of retinal and the side chains of key residues are shown as
grey and yellow sticks, respectively. Water molecules are shown as red spheres. Dashed lines indicate
hydrogen-bonding interaction.
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In CrChR2, the residue T127 is connected via a hydrogen bond to E123, the homologous residue
of D85 in bR [10]. The protonation state of E123 is not clear, but nearby ionized D253 serves as the
acceptor of the Schiff base proton during the rise of the P, intermediate [13]. D156 has been shown
to interact via hydrogen bonding with C128, denoted as the DC gate [14]. The X-ray structure as well
as theoretical calculations confirmed that the terminal groups of both amino acids are interconnected
via a water molecule [10,15]. D156 is protonated in the dark state and deprotonates during the P, to
P3%%0 transition concomitantly to the reprotonation of the Schiff base. Thus, D156 is the proton donor
of the Schiff base in CrChR2 [13]. The distance from the DC gate to the Schiff base is too large for
direct proton transfer. It was shown in Reference [10] that the nearby residue T127 may facilitate the
reprotonation process. To evaluate this hypothesis, we set out to investigate variants in which T127
was replaced by alanine or serine.

Channel activity of the T127 variants was examined by electrophysiology and exhibited reduced
conductance in the T127 variants. Molecular spectroscopy (UV/Vis, FTIR, Raman) was applied to
scrutinize the role of T127 in the molecular mechanism of CrChR2. We report here the exceptionally
high frequency of the Schiff base vibration in the T127A variant, indicating strong interaction
between the protonated Schiff base and the carboxylic side chain of E123 in this variant. QM/MM
calculations supported and extended the spectroscopic results with detailed atomistic descriptions of
the hydrogen-bonded network surrounding the retinal Schiff base. We believe that the characterization
of the threonine variants at the molecular level is an important step towards the understanding of the
link between the protein’s spectroscopic properties and its function as a light-activated cation channel.

2. Materials and Methods

2.1. Site-Directed Mutagenesis, Cloning, Expression and Purification of CrChR2

The experiments were executed with recombinant CrChR2, which consisted only of the
membranous part containing amino acid residues 1-307 of channelrhodopsin-2 of Chlamydomonas
reinhardtii (UniProt: Q8RUTS). Due to insertion of the corresponding coding region with sequences
for a C-terminal 10xHis tag and a linker (aa AS) behind the alpha factor signal sequence of the vector
pPIC 9K into the EcoRI/Not] sites, the expressed protein led to a N-terminal extension of aa YVEFH and
a C-terminal extension of aa ASHHHHHHHHHH. Based on this construct, which is referred in the
following as CrChR2-WT or simply WT, T127 was substituted by serine (T127S) or alanine residues
(T127A). The substitutions were introduced with oligonucleotide-directed mutagenesis using PCR
and verified by sequencing of the CrChR2 coding sequence. The CrChR2 variants were expressed and
purified as described previously [16].

2.2. Molecular Spectroscopy

Time-resolved UV/Vis experiments were performed with a commercial flash photolysis unit
(LKS80, Applied Photophysics, Leatherhead, Surrey, UK), as described previously [17]. Briefly, a 10 ns
laser pulse (Nd:YAG, Quanta-Ray, Spectra-Physics) tuned to 450 nm by an optical parametric oscillator
(OPTA) was used to induce the photocycle. The energy density per pulse was set to 3 mJ/cm?. Five
time traces were averaged at each wavelength with a repetition frequency of 0.33 Hz.

Samples used for FTIR spectroscopy were concentrated to ~4 mg/mL CrChR2 in an aqueous
solution of 20 mM Hepes and 0.2% DM (n-decyl-p-D-maltopyranoside) at pH 7.4. For the FTIR
experiments, approximately 8 ul of CrChR2 was dried on top of a BaF, window. The protein film was
rehydrated with the saturated vapor phase of a glycerol/water mixture (2/8 w/w) [18] and placed into
the FTIR spectrometer (Vertex 80v, Bruker, Rheinstetten, Germany). Time-resolved rapid-scan FTIR
spectroscopy was employed to resolve intermediates with a time resolution of about 10 ms.

Resonance Raman experiments were performed essentially as described in Reference [19]. Briefly,
5 uL of concentrated sample (5-10 mg/mL) was dried and rehydrated on a quartz crucible and
subsequently cooled to 80 K using a N; cryostat (Linkham). Rehydration occurred prior cooling via
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vapor diffusion of 3 ul of either H,O/glycerol or D,O/glycerol mixtures (8/2 w/w) placed in the vicinity
of the sample. The emission line at 457 nm of a diode-pumped solid-state (DPSS) laser (Changchun
New Industries Optoelectronics Technology Co., Ltd., China) was used to induce Raman scattering.

2.3. Electrophysiology

Light-induced currents were recorded from oocytes in two-electrode voltage-clamp (TEVC)
experiments after expression of the WT and the T127A or T127S variants for at least 3 days. To this end,
in-vitro-synthesized RNA coding for a fusion protein of chop2 (residues 1 to 315) and egfp was injected
into oocytes and incubated in oocyte Ringer (ORI, 90 mM NaCl, 2 mM KCl, 2 mM CaCl,, 1 mM MgCl,,
5 mM Hepes, pH 7.4) solution supplemented with 5 uM all-trans retinal. Oocytes were illuminated
with light from a 75 W XBO lamp long-pass filtered at 420 nm in ORI. Currents of the T127 variants
were normalized to the WT current amplitudes at —60 mV from oocytes recorded at the same day.

Time-resolved single turnover currents of the T127 variants were also recorded from HEK293 cells
expressing the same fusion protein as in the oocyte recordings. Cells were illuminated with a single
flash (20 ns) from an Excimer-laser pumped dye laser (coumarin 2, 450 nm). Traces were sampled at
50 kHz and filtered at 10 kHz. The displayed traces are averages of eight signals.

2.4. QM/MM Calculations

The structural model for hybrid quantum mechanics/molecular mechanics (QM/MM) calculations
was based on the crystal structure of CrChR2 (PDB entry: 6EID [10]) with an all-trans conformation of
the retinal protonated Schiff base (RSBH"). Titratable residues were modeled corresponding to the
experimental pH and considering their local environment. Based on spectroscopic studies, the residue
E90 was modeled in the neutral form and the counterions of RSBH" (E123 and D253) were taken as
negatively charged. The variants of CrChR2, T127A and T127S, were prepared with PyMol [20].

In order to account for the effect of T127 and its variants, we used a large QM region that comprised
the RSBH™ side chains of E123, T127, A127, S127, C128, D253, K257, and two water molecules in the
close vicinity of RSBH*. The hydrogen link atom was placed at the QM/MM boundary between the
C% and Ce atoms of K257, and between the Cox and side chain atom of remaining residues. The QM
region was treated at the B3LYP/cc-pVDZ level of theory [21]. Corrections for the dispersion effect were
included with D3/B-] damping variant [22]. All the remaining atoms were described at the MM level
using the AMBER £f145B force field [23]. The vibrational frequencies were calculated at the same level
of theory. A scaling factor of 0.97 was used [24]. However, the QM region in frequency calculations
did not include the water molecules. Furthermore, the QM/MM model was used to calculate the
excitation energies using the simplified TD-DFT approach developed by Grimme and coworkers [25].
All QM/MM calculations were carried out using ChemShell interfaced with the quantum chemistry
program Orca with DL_POLY module for the force field [26].

3. Results

In the X-ray crystal structure of CrChR2, the distance between heavy atom pairs
N(RSBH*)--- O(E123) and N(RSBH*)--- O(D253) is 2.81 and 3.24 A, respectively. The QM/MM
geometry optimization leads to slight adjustments in the retinal binding pocket, which modifies
the corresponding distances to 2.82 and 3.48 A. In WT, T127 was found to be hydrogen-bonded
with E123 with an OH(T127) - O(E123) distance of 1.70 A (Figure 2A). Upon T127S exchange,
the hydrogen-bonding network was retained with a slightly reduced distance of 1.67 A between
OH(T1275) - O(E123) and an increased distance of 3.53 A between N(RSBH*) ... O(D253) (Figure 2B).
The difference between serine and threonine residues is the absence of the methyl group at the
Cp position in the former. Lack of this bulky group in serine might cause a reduced steric effect
responsible for its approach to E123. In contrast, the T127A variant was missing a proton-donating
group (Figure 2C); therefore, E123 had only one hydrogen-bonding partner, namely the Schiff base.
The distance between N(RSBH") --- O(E123) remained the same (2.81 A), but the N-H bond length
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was elongated by 0.016 A (Table 1) because the proton is pulled more strongly towards E123 as a
consequence of its altered hydrogen bonding.
(A)

(B) (c)

Figure 2. Optimized geometry of (A) CrChR2-WT, (B) T127S, and (C) T127A variants. The retinal
Schiff base and side chains of the counterion complex are shown as grey and yellow sticks, respectively.
Dotted lines correspond to the hydrogen-bonding network.

Table 1. Bond length in selected RSBH™ atom pairs, based on the hybrid quantum mechanics/molecular
mechanics (QM/MM)-optimized geometries.

RSBH* Atom Pairs

(Distances in A) wr T1278 T127A
C=N 1.310 1.308 1.309
N-H 1.076 1.072 1.092

In CrChR2-WT, T127 was also found to be involved in a triad between O(E123), OH(T127),
and S(C128). The corresponding distances in the optimized geometry were found to be 4.91 A for
O(E123) -+ $(C128) and 4.39 A for OH(T127) -+ S(C128). In the T127S variant, the distance between
O(E123) -+~ 5(C128) was slightly reduced to 4.88 A, whereas the distance between OH(T127S) - S(C128)
was increased to 4.47 A. This indicated that the T127S variant led to a tighter network with the DC gate
and the SB counterions. However, the T127A exchange perturbed the triad and decoupled the DC gate
from the counterions, as the distance between O(E123) - S(C128) was increased to 4.95 A.

3.1. Spectroscopic Properties of the Dark State of the T127 Variants of CrChR2

As T127 is part of the retinal binding pocket, we first examined the potential influence of the
amino acid exchange on the electronic properties of the retinal. It was evident from comparison of the
UV/Vis spectra (Figure 3, red and blue spectra) that both T-A and T-S amino acid exchanges shifted the
visible absorption spectrum only slightly to the blue as compared to WT (black spectrum in Figure 3).
The second derivative of the absorption spectra (bottom panel) resolved a blue shift of about 2 nm in
the T127A variant as compared to the WT (similar to T127S, not shown). The vibronic fine structure
of the electronic absorption spectrum was retained in the T127A and the T127S variants. The latter
observation was different to the C128T variant, where a 20 nm redshift of the retinal absorption was
accompanied by a loss in vibronic fine structure [27].

We also computed the excitation energies for the WT protein and the two variants. The results
displayed in Table 2 showed virtually no alteration of the excitation energies, which agreed well with the
experimental results (Figure 3). These results present an additional validation of our QM/MM model.

Table 2. Computed excitation energies at the sSTD-DFT CAM-B3LYP/cc-pVDZ level of theory.

Model WT T127S T127A
Excitation energy nm (eV) 389 (3.18) 392 (3.16) 388 (3.19)
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Figure 3. UV/Vis absorption spectra for the CrChR2-WT, T127A, and T127S variants. The second
derivatives of the absorption spectra are displayed in the bottom panel; the second derivative of the
T127S spectrum has been omitted for clarity as it overlaps with the T127A trace.

As the wavelength of the electronic absorption in the visible correlated with the C=C stretching
vibration [28], the strongest band in the resonance Raman spectrum of the T127A variant (Figure 4,
green trace) was 1557 cm ™, slightly blue-shifted by 6 cm™! with respect to the WT (Figure 5A, [29]). All
of the other Raman bands were essentially the same as in the WT, except for the C=N-H vibration of the
retinal Schiff base (Figure 5B). The frequency of the latter was observed at 1674 cm™! for T127A, which
is, to our knowledge, the highest frequency so far observed for any rhodopsin. It even outperformed
the frequency of the Schiff base vibration in rhodopsin (1660 cm™!, [30]). The C=N-H vibrational
band was downshifted by 42 cm ™! upon H/D exchange, which was the largest isotope effect reported
(Figure 4). In comparison, the C=N-H stretch in WT resonated with a frequency of 1657 cm~! and a
Avyp =28 cem~! was reported [29]. As the hydrogen bond between T127 and E123 was removed in
the T127A variant (Figure 2C), the carboxylic side chain of E123 was able to form a stronger salt bridge
with the retinal Schiff base, resulting in a 0.016 A elongated N-H bond (Table 1).
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Figure 4. Resonance Raman spectra of the T127A variant in H,O (green trace) and in D,O (red trace).
The indicated vibrational bands are discussed in the text.
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Figure 5. (A) Resonance Raman spectra of CrChR2-WT and the variants E123D, T127S, and T127A in
HO. (B) Zoom-in of the frequency range of the Schiff base vibration after a three-point moving average
smooth. Blue circles are the data points. Dashed grey lines are Gaussians fitted to the data points and
continuous lines are sums of the fitted Gaussians.

Inspection of the vibrational band at 1674 cm™! revealed a strong asymmetry in the shape, with a
pronounced shoulder at lower wavenumbers (green trace in Figure 5B). Consequently, the band was
fitted by two Gaussians with frequency maxima at 1674 cm™! and 1661 cm™!. Such heterogeneity in
the retinal binding pocket has been suggested from molecular dynamics simulations on WT [31] to be
a result of two rotamers of the side chain of E123. In one rotamer configuration, E123 was in direct
hydrogen-bonding interaction with the protonated Schiff base, competing with a water molecule and
D253. The other rotamer configuration positioned the carboxylic group of E123 in a remote position
from the Schiff base. A water molecule or the carboxylic group of D253 can then form a hydrogen
bond with the Schiff base proton. The resulting effect on the strength of the N-H bond of the Schiff
base was acutely determined by Raman spectroscopy.

The vibrational band of the Schiff base in WT has so far been treated as a single vibration [32]. In
light of our results for the T127A variant, we revisited the Raman spectrum of the WT (Figure 5, black
trace). The slight asymmetry in band shape was again considered by fitting two Gaussians, resulting
in maxima at 1665 cm™! and 1661 cm ™.

From these results, we assigned the lower frequency of the C=N-H vibration at 1661 cm™! to the
Schiff base being hydrogen-bonded to a water molecule and/or directly to D253. In this scenario, the
substitution of T127 by A did not affect the frequency of the Schiff base vibration, as this residue did
not interact directly with D253. This explained the low-frequency shoulder of the C=N-H band at
1661 cm™! which did not shift after amino acid exchange. The high-frequency band at 1674 cm™ in
T127A corresponded to the population in which E123 was hydrogen bonded to the Schiff base and,
with respect to the WT, lacked the hydrogen bond to the threonine (see Figure 2, right panel).

We tested this hypothesis by recording resonance Raman spectra for two other CrChR2 variants:
T127S, where the hydroxyl group of the threonine side chain is conserved; and E123D, where the
carboxylate side chain is shorter. In agreement with the WT and the T127A variant, all spectral features
of the retinal chromophore were retained in the spectra of the T127S (blue traces in Figure 5) and E123D
variants (red traces in Figure 5) with only minor differences. Analysis of the Schiff base vibration
(Figure 5b) showed that the C=N-H band in E123D could be fitted sufficiently well with one Gaussian,
whereas for T127S, two Gaussians were needed to fit the band. The band with a maximum at 1661 cm™!
was present in both variants, supporting the hypothesis that this Schiff base vibration did not involve
interaction with E123.
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In T127S, where the exchange retained the hydroxyl group that is hydrogen-bonded to E123 (see
Figure 2), the high-frequency shoulder of the peak was only slightly blue-shifted by 5 cm™, showing
strong similarities to the C=N-H vibrational band of the WT. In E123D, however, the high frequency
band was not present at all as a consequence of the shorter amino acid side chain length that prevented
formation of a hydrogen bond with the Schiff base.

We focused our QM/MM calculations on the structure with the rotamer configuration of E123
in the upward orientation to be able to accept a hydrogen bond from the Schiff base proton. This
configuration was in fact the one in which the C=N-H vibration exhibited the strongest effect in our
T127 variants. Although the spectroscopic data showed that the hydrogen bond between the Schiff
base and E123 was strongly strengthened upon replacement of T127, the distance between the Schiff
base nitrogen and E123 was unchanged in the optimized QM/MM structure of the T127 variants. Thus,
we went on to analyze the effect of the amino acid exchange on the length of the C=N and the N-H
bonds of the Schiff base in our simulations (Table 1).

The length of the C=N bond was not significantly affected in T127S and T127A as compared
to the WT. However, the hydrogen-bonding network in the vicinity of RSBH" was found to have a
notable effect, with the presence or absence of hydroxylic group in the sidechain at position 127. The
difference in N-H bond length in WT and T127S was negligible (~0.004 A), which was attributed to
the hydrogen-bonding network facilitated by the hydroxylic side chain. In contrary, the absence of
such a network in T127A increased the N-H bond length by 0.016 A. The longer N-H bond length
in T127A was in line with our experimental findings that this variant accelerated deprotonation of
RSBH* (see Section 3.3) and it also supported the high frequency of the C=N-H vibration of 1674 cm~".
QM/MM simulations yielded a frequency difference of 19 cm™! between WT and the T127A variant
(Table 3), which reproduced the frequency upshift upon removal of the hydroxylic group of threonine
but overestimated the experimental difference of 9 cm™' (Figure 5B). The exceptionally high frequency
of the Schiff base C=N-H vibration in the T127A variant was, therefore, be assigned to the missing
hydrogen-bond between A127 and E123 and the increase in distance between N(RSBH™) -~ O(E123).

Table 3. Calculated vibrational frequencies of the C=N-H vibration using the QM/MM method.

Model WT T127S T127A
Frequencies (em™1) 1683 cm™! 1683 cm™! 1702 cm™!

3.2. Channel Conductance of the T127 Variants

The role of T127 in the functional mechanism of the ion channel was scrutinized via
electrophysiological experiments on WT and its T127 variants expressed in Xenopus oocytes. The T127A
and the T127S variants showed a strong decrease in the current amplitude (for T127A: Figure 6A, red
traces). On average, the variants exhibited only 9 + 1% (n = 29 for T127A and n = 18 for T127S) of
the WT currents. From the residual current, we determined the kinetics of the channel closing upon
switching off the light (Figure 6B). It was slower than the WT (t = 12 ms), with T =22 + 3 ms (n = 9) for
the T127A variant and with T =23 + 3 ms (n = 9) for the T127S variant.
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Figure 6. Two-electrode voltage-clamp (TEVC) recordings of CrChR2-WT, T127A, and T127S variants
expressed in Xenopus oocytes. (A) Light-induced currents at —60 mV and +60 mV holding potential.
The traces for the T127A variant (red) were scaled by a factor of 10 to compare to the WT (black).
(B) Histogram of the current amplitudes and closing kinetics. Currents were normalized to the WT at
—60 mV. Bars represent the mean and the s.e.m. (n = 14 for WT, n = 29 for T127A variant, and n = 18 for
T127S variant). (C) Time-resolved currents from T127A in HEK293 cells. Raw data of an average of
eight traces at —=80 mV to +40 mV in steps of 40 mV. The red curve shows a single exponential fit of the
current decay with a time constant of 10 ms.

In time-resolved experiments on the T127A variant expressed in HEK293 cells, only very small
current amplitudes were recorded. Signals from eight kinetic traces were averaged (Figure 6C) to be able
to determine the channel closing kinetics. Similarly to the E123T variant [33] we observed a very fast
outward current independent of the holding potential, which monitored a vectorial charge transport
within the first 200 ps. The recovery kinetics after pulsed excitation exhibited single exponential
behavior with a time constant of 10 ms, which was similar to the WT and consistent with our results
from the TEVC recordings.

3.3. Influence of T127 on the Photocycle Kinetics

As the channel conductance was drastically reduced by the T127 replacement but the absorption
spectrum of dark-state CrChR2 was hardly affected, we performed time-resolved UV/Vis spectroscopy
(Figure 7). Excitation by a nanosecond laser pulse led to the depletion of the dark state of CrChR2,
which was reflected by a loss of absorption at 470 nm (blue traces in Figure 7). The P;°% state rose at
times beyond the resolution of our experiment, but the decay was resolved at 530 nm (green traces).
The rise of the blue-shifted P, state with a deprotonated retinal Schiff base was recorded at 380 nm
530 jntermediate were observed at 530 nm and the
latter correlated with channel closure in CrChR2 [34]. The kinetics of the desensitized state P,*%0 were
also observed at 530 nm.

The P,%% state was formed faster in the T127A variant (Figure 7, top panel) and decayed slower
than in the WT (Figure 7, bottom panel), i.e., the Schiff base deprotonated at an earlier stage and was
reprotonated later. The kinetics of P,380 rise in T127A had a half-life of t1p = 0.7 ps, one order of
magnitude faster than the rise of the P, state in WT. The decay of this blue-shifted intermediate
in T127A, with a t, = 9 ms, was more than four times slower than in WT. The decay kinetics of the
P,3%0 state were altered at the expense of the P33 intermediate, which rose later and was significantly
reduced in transient amplitude. This observation tallied the reduced channel conductance based on
the correlation of the lifetimes of the open state and the P3%*° state. The decay of the non-conductive
P4*% state was not influenced by the T127A exchange. The less invasive replacement of threonine by
serine in the T127S variant left the photocycle kinetics of CrChR2 unchanged (Figure 7, middle panel).
Thus, we inferred that the hydroxyl group at position 127 was essential to a WT-like photoreaction,
with a high accumulation of the late red-shifted intermediate P3%.

(red traces). Rise and decay of the succeeding P3
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Figure 7. Kinetics in the UV/Vis range recorded after pulsed laser excitation (450 nm). Traces at 380 nm
(red lines), 470 nm (blue), and 530 nm (green) are shown for each variant. While the T127A variant
(top panel) showed a prolonged lifetime of the P, state and reduced P35 formation, the T127S
variant (middle panel) had very similar kinetics to the WT (bottom panel).

3.4. FTIR Difference Spectroscopy on the T127 Variants

FTIR spectroscopy was applied to gather information on the structural changes of the T127
variants (Figure 8). For comparison, difference spectra of CrChR2-WT were chosen at time points that
represented mainly the intermediates P,380 (300 ps) and P30 (6.7 ms), and were compared to the
difference spectra of the T127A and T127S variants recorded at 8.4 ms after pulsed excitation. At this
time, the P,%% intermediate was predominant in the variant with minor contributions from P;5°%0 and
P,4*0 intermediates.

The infrared difference spectra basically confirmed the observations made in the visible spectral
range (Figure 6). The low accumulation of the P3® state in the T127A variant was observed by
comparing the difference spectrum at 8.4 ms with the one at 6.7 ms of the WT. The band at 1737 cm™"
assigned to the deprotonation of the proton donor to the Schiff base, D156 [16], was reduced in intensity,
which indicated low accumulation of the deprotonated D156 species. This observation was expected
as soon as the lifetime of the P,%% state (with deprotonated Schiff base) was extended, as here in the
T127 variant. The negative band at 1556 cm™! in the difference spectra of WT was due to the ethylenic
stretching vibration of the retinal in ground-state ChR2 [32]. This band was hardly seen in T127A due
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to spectral overlap by a positive contribution that is absent in the WT. Instead, a broad negative band
at 1533 cm™! was registered, which was a marker for the contribution of the P, 480 photoreaction [35].

T127A 8.4 ms

T127S 8.4 ms

1556 1533

AA=5x10*

T T T T T T T T
1800 1700 1600 1500 1400 1300 1200 1100 1000 900
wavenumber [cm]

Figure 8. Time-resolved FTIR difference spectra of ChR2-WT (black spectra, taken from Reference [13]),
T127A (red spectrum), and T127S variants (blue spectrum). The ChR2-WT spectrum at 300 ps and
6.7 ms was dominated by the P,38 and P3%% states, respectively. The spectra of the T127 variants were

530

recorded at 8.4 ms, at which the P,3% with smaller contributions of P3>*" was predominant.

4. Discussion

T127 of CrChR2 is localized in close vicinity to the retinal Schiff base and is hydrogen-bonded to
E123 which, in turn, is the hydrogen bond acceptor of the Schiff base. The position of the threonine
is also strategic for Schiff base reprotonation, as its hydroxylic group is supposed to be part of the
pathway between the proton donor D156 and the Schiff base. There is no direct hydrogen-bonding
network in the ground state that connects the RSBH" and D156, but it is only with the rise of the
photocycle intermediate P5°%0 that this connection is formed [13].

T127A substitution removed the hydroxylic group of the threonine, which affected the photocycle
kinetics. The P,%? intermediate, during the lifetime of which the Schiff base is deprotonated, had
a ~10 times faster risetime, meaning that the deprotonation of the Schiff base was facilitated in this
variant. The acceleration of the rise of the P,3¥ intermediate may have been due to the stronger
hydrogen-bonding interaction between the Schiff base and E123 that we reported in the present work.

The lifetime of the P, state was longer in the T127A variant and, as a consequence, the
accumulation of the subsequent intermediate P3>3
deprotonated Schiff base is a sign that the reprotonation pathway was blocked in T127A. The T127S
variant conserved the hydroxyl group of the side chain, and we showed here that the photocycle kinetics
were almost indistinguishable from the WT. We concluded, therefore, that the hydrogen-bonded
network between D156 and the Schiff base, which is necessary for the reprotonation of the latter,
involves the hydroxylic group of T127. The formation of this chain of hydrogen bonds is necessary for
proton translocation and marks the transition between the P,380 and P35 states.

T127 is important for the opening of the ion channel after light activation, since we have shown
here that the T127A, as well as the more conservative T127S variants, showed less than 10% of the
WT current in electrophysiology experiments. We note, though, that the reduced conductance may

also have been related to lower expression yields of the variants in the different hosts (Xenopus oocytes
530

was very low. A longer lifetime of the state with a

and HEK cells). It has previously been shown that the channel closes with the decay of the P3
intermediate [36,37], but the channel opening is an optically silent transition in the visible range [38].
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We confirmed from the present work that channel opening in C+ChR2 is not related to changes in
the photocycle kinetics as recorded by time-resolved UV/Vis spectroscopy. The T127S variant, in fact,
showed WT-like photocyle kinetics, whereas a long-lived P, intermediate occurred in the T127A
variant with both variants exhibiting low channel conductance.

A threonine residue at this position was conserved for most of the cation- and anion-conducting
channelrhodopsins. It is also present in BR [12,39], where exchanges to valine or alanine resulted in
blue shifts in the absorption maxima by 146 nm and 28 nm, respectively, with minor effects on pumping
activity [3]. By contrast, the exchange of threonine to serine and alanine in CrChR2 had only negligible
effects on the electronic properties of the retinal chromophore, as registered by its visible absorption.
This result is particularly interesting in light of the exceptionally high vibrational frequency recorded
for the C=N-H vibration of the retinal Schiff base in T127A, as the hydrogen-bonding of the retinal
Schiff base has been proposed to be a molecular determinant of the opsin shift [40].

QM/MM calculations showed nearly identical excitation energies for WT, T127S, and T127A
variants. The same trend was also observed in the experimental absorption maxima of the retinal
chromophore of CrChR2. However, a large shift of 19 cm™! was calculated for the C=N-H vibration
in the alanine variant, but no shift for the serine variant, again confirming the resonance Raman
spectroscopic results. Since our QM/MM models were able to reproduce the relative trends in the
UV/Vis and vibrational spectra of the variants, we considered these reliable for our analysis of the
molecular changes. In the T127A variant, the hydrogen bond between the threonine and E123 was
missing, affecting the hydrogen-bonding network around the Schiff base. To compensate for the
missing hydrogen bond, the interaction between E123 and the Schiff base (N(RSBH*) --- O(E123))
increased, resulting in a longer N-H bond which manifested in the upshift of the C=N-H vibrational
frequency. The elongation of the Schiff base N-H bond was 0.016 A, and possibly accelerates the
deprotonation of the Schiff base in this variant. Hence, the stronger interaction between the Schiff
base and E123 provided an explanation for the faster rise time of the P, intermediate in the T127A
variant, in a similar way to the D85E variant of bacteriorhodopsin [41].

Detailed analysis of the Schiff base vibration (coupled mode of the C=N stretching and the N-H
bending vibration) by resonance Raman spectroscopy revealed the presence of two overlapping bands.
The frequency shifts of these vibrational bands in the different variants were compared to the WT and
their presence can be rationalized on the basis of the molecular model proposed in Reference [31]. In
this model, the E123 side chain had one rotamer pointing towards the Schiff base and another rotamer
pointing to a different hydrogen-bonding network that gave rise to two different vibrational bands of
the C=N-H mode. This interpretation was supported by the band shape of the Schiff base vibration in
the E123D variant, which was missing the high-frequency component. We can therefore lend support
to the model of two rotamers of E123 in CrChR2, where a direct hydrogen bond with the Schiff base
was formed in only one of the two configurations. The presence of two rotamer configurations may
be essential for a voltage-sensing mechanism involving E123 [42]. While this seems to be a plausible
scenario, further experimental evidence needs to be collected to support this model.
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Featured Application: This report highlights the importance of light stimulation parameters
(frequency, duration, intensity) on the activity of neurons expressing channelrhodopsin-2.
These results will allow neuroscientists to stably activate neurons during a repeated light pulse
train in optogenetic experiments with ChR2.

Abstract: Optogenetics is a recently developed technique that is widely used to study neuronal
function. In optogenetic experiments, neurons encode opsins (channelrhodopsins, halorhodopsins
or their derivatives) by means of viruses, plasmids or genetic modification (transgenic lines).
Channelrhodopsin are light activated ion channels. Their expression in neurons allows light-dependent
control of neuronal activity. The duration and frequency of light stimulation in optogenetic experiments
is critical for stable, robust and reproducible experiments. In this study, we performed systematic
analyses of these parameters using primary cultures of hippocampal neurons transfected with
channelrhodopsin-2 (ChR2). The main goal of this work was to identify the optimal parameters of
light stimulation that would result in stable neuronal activity during a repeated light pulse train.
We demonstrated that the dependency of the photocurrent on the light pulse duration is described
by a right-skewed bell-shaped curve, while the dependence on the stimulus intensity is close to
linear. We established that a duration between 10-30 ms of stimulation was the minimal time
necessary to achieve a full response. Obtained results will be useful in planning and interpretation of
optogenetic experiments.

Keywords: membrane current; hippocampal neurons; optogenetics; light stimulation;
channelrhodopsin-2

1. Introduction

Large scale neural activity patterns formed due to an interplay between dynamics of neurons
and their network interconnections are principal fingerprints of brain functionality. At the same time,
age and genetic disruption of neuronal connections can lead to neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, Huntington’s and others. The number of incidence cases is increasing due
to population ageing associated with new advances in medicine and technology. Therefore, the key
problem is the difficult search for mechanisms of neurodegenerative disorders and new approaches to
their treatment.
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The most widespread conventional method for studying mechanisms of neuronal activity uses
electrical stimulation of electrodes placed in the extracellular space. Electrophysiology allows for easy
control of temporal resolution; nevertheless, in most cases it activates a lot of neurons simultaneously
but not individual neurons. This is a significant disadvantage since specific types of neurons have an
intrinsic activity pattern [1,2]. There is also an intracellular stimulation method which provides the
necessary spatial and temporal resolutions, but its application is restricted to neuronal culture or brain
slices [3].

One of the methods that allows for the study of the activity of certain neurons in vivo is the optical
stimulation of neurons (optogenetics). In comparison with the methods mentioned above, it offers
several advantages, such as a high spatio-temporal resolution with a parallel stimulation of certain
brain areas [4,5]. The main principle of this method is based on the expression of light-sensitive ion
channels called opsins in neuronal membranes. One of them, channelrhodopsin-2 (ChR2) isolated
from the green alga Chlamydomonas reinhardtii [6,7], and its modifications is used practically for neuron
excitation. ChR?2 is activated with blue light (470 nm), which in turn induces a photoreceptor current
due to non-selective cation flux into the cytoplasm of cells [6-8].

Since the method was developed, optogenetics has been widely used in neuroscience [4,8-11].
Recently, optogenetics has also been applied to investigate neurodegenerative diseases (an area of
scientific interest of the authors). For example, the authors [12] used step-function opsin (SFO) for
the long-term excitation of the hippocampal perforant pathway in amyloid precursor protein (APP)
transgenic mice. As a result, a prolonged light excitation led to an increase in the level of amyloid
deposits of peptide of 42 amino acid residues (A342) that allows for the determination of a certain
functional pathology in specific neuronal circuits in Alzheimer’s disease. The review [13] contains
a number of studies in which optogenetics is successfully used as a tool for activating or inhibiting
specific regions or certain neurons involved in the development of neurodegenerative and neurological
diseases such as Parkinson’s disease [14], Huntington’s disease [15], and epilepsy [16,17].

Despite the fact that optogenetics is one of the most developing areas of neurobiology and a
widely used technique, there are some open questions related to the parameters of light stimulation
for neurons expressing opsins. In this paper, we would like to emphasize the importance of light
parameters during repeated light stimulation. Thus, our main goal is to determine the relationship
between the light stimulation parameters (frequency, duration, intensity) and neuron activity during
repeated light stimulation and define the optimal parameters for the stable activity of neurons.

2. Materials and Methods

2.1. Animals

The breeding colony of wild type mice of the same strain (C57BL/6] background, #000664) obtained
from the Jackson Laboratory was established and maintained in a vivarium with 4-5 mice per cage
and a 12 h light/dark cycle in the animal facility. All procedures were approved by principles of
the European convention (Strasburg, 1986) and the Declaration of International Medical Association
regarding the humane treatment of animals (Helsinki, 1996).

2.2. Hippocampal Primary Culture

The hippocampal cultures of mice were established from postnatal day 0-1 pups and maintained
in culture as described earlier [18]. Briefly, after dissection and dissociation, neurons were plated
on coverslips (pre-coated with poly-D-lysine, 0.1 mg/mL, #27964, Sigma, St. Louis, MI, USA) and
cultured in neurobasal A medium with an addition of 1% fetal bovine serum (FBS) and 2% optimized
neuronal cell culture serum-free supplement B27. On the third day of in vitro culture (DIV3), cytosine
arabinoside (Ara-C) (40 M, Sigma, #C1768) was added to prevent the growth of glial cells. At DIV7
and DIV14, 50% of the medium was exchanged with fresh neurobasal A medium containing 2% B27
without FBS. At DIV7, neurons were transfected using the calcium phosphate method.
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2.3. The Calcium Phosphate Method of Transfection

At DIV7, neurons were transfected using the calcium phosphate method with a mammalian
transfection kit (#631312, Clontech Laboratories Inc., Mountain View, CA, USA) according to the
manufacturer’s protocol with recommendations from [19]. Due to the fact that the excitation length
(470 nm) of green fluorescent protein (GFP) coincides with the excitation length of chanalrhodopsin-2,
we used the marker plasmid pCSCMV:tdTomato (#30530, Addgene, Watertown, MA, USA),
which encodes a red fluorescent protein with an excitation wavelength of 530 nm. For multiple
plasmid delivery, we used the calcium phosphate co-transfection method. Plasmids were mixed at a
ratio of 3:1, with 3 parts containing the plasmid of interest.

2.4. Whole Cell Patch Recordings in Hippocampal Cultures

The recording of neuronal light-induced activity was performed with whole-cell voltage- and
current-clamp techniques after 14 days of cultivation; at this time, neurons mature and form a stable
network [20,21]. Whole-cell recordings were conducted in artificial cerebrospinal fluid (ACSF) external
solution, which contains 124 mM NaCl, 26 mM NaHCOj3, 10 mM glucose, 5 mM KCl, 2.5 mM
CaCly, 1.3 mM MgCl, and 1 mM NaH,PO, (pH 7.4, 290-310 milliosmole (mOsm)) [22]. An Olympus
IX73 inverted microscope was used with the 40x objective and appropriate filters for fluorescence
imaging. This microscope was equipped with a 4-channel light-emitting diode (LED) driver Thorlabs
DC4104 to localize and target fluorescent ChR2-expressing neurons by expression of the tdTomato
fluorescent protein.

Patch pipettes, pulled from borosilicate glass (1.5 mm outside diameter (OD), 0.86 mm inside
diameter (ID), 3-5 MOm) were filled with a solution containing 140 mM K-Gluconate, 2 mM MgCl,,
2 mM NaCl, 2 mM ATP-Najy, 0.3 mM GTP-Mg, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (pH 7.35, 290-300 mOsm). Conventional whole-cell patch-clamp recordings were
obtained via a MultiClamp 700 B double patch amplifier and a Digidata 1440A (Molecular Devices,
Sunnyvale, CA, USA) coupled to the acquisition software pClamp 10.7. The holding potential in
voltage-clamp mode was —70 mV, uncorrected for any liquid junction potential (in the range of =10 mV
to =8 mV) between the internal and external solutions. After DIV14, light-evoked neuronal activity
has been detected using the whole-cell patch clamp technique as shown in Figure 1. We have used
10 primary cultures for the measurement of membrane currents and potentials.

Figure 1. Primary hippocampal neuron transfected with FCK-ChR2-GFP and pCSCMYV:tdTomato
during the recording of photocurrents.
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2.5. Optogenetic Method

During the recording of neuronal activity, a pulse train of blue light (470 nm) was performed
with different parameters (frequency, duration, intensity). In our experiments, we used a frequency
range of 1-30 Hz in increments of 5 Hz and a pulse duration range of 1-5 ms in increments of 1 ms,
10-50 ms in increments of 10 ms, and 100-500 ms in increments of 100 ms. Ten light stimuli were used
per frequency or duration (Figure 2).

100 pA

[

2s

Figure 2. Photocurrents recorded using the whole-cell voltage-clamp technique at maximal intensity
and light duration. t = 100 ms.

The maximum intensity of the blue LED (LED4D067, 470 nm, Thorlabs Inc., Newton, NJ, USA)
was 35 mW mm~2 with a maximum photo flux of 250 mW. The values of light intensities were
normalized, taking the maximum value in each sequence as unity, i.e., all indicated values are shown
as relative ones.

The LED source has a modulation voltage in the range of 0-10 V and a current in the range of
0-1000 mA. We measured the intensity at the maximum current, i.e., 1000 mA, which corresponds to a
modulation voltage of 10 V. To change the intensity, we connected a pulse generator to the LED source
and changed the modulation voltage from 0 V to 10 V; while we considered that at a voltage of 10 volts,
we get the maximum intensity. The values of light intensities were normalized, taking the maximum
value in each sequence as unity.

2.6. Statistical Analysis

The mathematical software OriginPro 9.0 and GraphPad Prism 7 were used to process the data
and obtain standard errors.

3. Results

To define the relationship between the activity of the pyramidal neuron expressing ChR2 and the
parameters of the light stimulus, we carried out experiments with a 10-light pulse train. We picked
up the frequency at which the action potential (AP) was generated for each light stimulus (Figure 3).
We considered the generation of action potentials because the membrane current changed at all
frequencies used in this study.

These results demonstrated a reduced number of AP with increasing frequency under blue light
pulsing. The frequency at which the AP was generated for each light stimulus was in the range of
1-5 Hz. Further measurements were carried out at a frequency of 1 Hz. These results are similar to the
data published previously [23], but the range of optimal stimulation frequency was more narrow in
our experiments. The reason for this discrepancy requires further study.
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Figure 3. Action potential generation under blue light stimulation at different frequencies.

We have studied the effect of the light pulse duration in the range of 1-5 ms, 10-50 ms and
100-500 ms on the amplitude of photocurrents at various LED intensities; the value of maximum
intensity has been normalized to unity. Each point in Figure 4 represents the mean value of the measured
amplitudes of the response to a 10-pulse train with fixed duration and intensity (see Figure 2).
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Figure 4. Dependence of the membrane current amplitude for pyramidal neurons on the duration of
light stimulation at different light intensities (the value of intensity maximum is taken as 1), time-light
pulse duration, n = 10. Plots of mean values with error bars indicate the standard error (SE). To obtain
these mean values, fourth-order polynomial smoothing over neighboring points was performed in
GraphPad Prism 7.

As shown in Figure 4, the dependency of the photocurrent amplitude on the light pulse is described
by a right-skewed bell-shaped curve. The obtained dependency was identical for all light intensities
used in the experiment. The obtained results agree with results published earlier [7,24].

It should be noted that in the range of 1-20 ms, the value of this amplitude increases, while at
higher values of pulse duration (30-500 ms), the amplitude decreases. An explanation for this fact
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may be based on the kinetic model of the ChR2 photocycle, in which three channel states (open (O),
desensitized (D) and closed (C)) were considered [7]. The three states model was the first model
describing a photocycle of channelrhodopsin-2. However, after the spectral analysis of ChR2 [25],
an existence of four kinetic intermediate states (P1, P, P3 and P4) was indicated. Based on this
information, four [24,26] and six [27] state models have been developed. To explain our findings,
we utilized the four-state model of ChR2 photocycle, which consists of two open states (O; — O,) and
two closed states (C; — Cy). Thus, the states defined by the spectral analysis can be interpreted as
follows: O1 — O; corresponds to the states P, and P3 (open states with the time constants of 1 ms and
10 ms, respectively) and state C; (the time constant ~5s) corresponds to the state P4 (desensitized).
The state of C is the ground state of the channel and corresponds to Py. We suppose that the decrease
of photocurrents after 30 ms is due to the transition in the Py state, i.e., inactivation of ChR-2.

We have also studied the time interval tau (), which is needed to reach the maximum photocurrent
(Figure 5) for different pulse durations (t) atmaximum intensities (Imax)-

light pulse

normalized current, pA

0 50 100 150 200
time, ms

Figure 5. Light-induced currents with a pulse duration of 100 ms.

We analyzed the relationship between 7 and light pulse duration (t) (Figure 6). According to
dependence in the range of 10-30 ms, 7 corresponds to the light pulse duration.

a0

100 200 300 400 500
time of light pulses, ms

0
0

Figure 6. Dependence of 7 on the duration of light pulses.

After t = 50 ms, the time 7 did not change. This suggests that light stimulation with a duration
longer than 50 ms is impractical, because the response of neurons expressing ChR?2 is not stable.

Figure 7 shows an example of ChR2 photocurrents of the primary hippocampal neuron for the
first light stimuli at various pulse durations (1-5 ms, 10-50 ms, 100-500 ms).
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Figure 7. Light-induced currents recorded from one hippocampal neuron at different light pulse
durations in the voltage-clamp mode of the whole-cell configuration: 1-5 ms (left), 10-50 ms (center),
100-500 ms (right). Light intensity is at the maximum value.

As shown in Figure 7 (left panel), the maximum photocurrent is already achieved after the light
stimulus itself in the case of short pulse durations. At higher pulse durations (Figure 7, middle panel),
7 either coincides with the pulse duration, or achieves maximum value before the end of the light
stimulus itself. At large values of pulse duration (Figure 7, right panel), the time interval 7 is always
shorter than the duration of the light stimulus.

In the next series of experiments, we studied the effect of light intensity on photocurrent amplitude
at different light pulse durations.

The obtained curves (Figure 8) demonstrate a mostly linear dependency that is closed to the
generation of sodium currents [28].
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Figure 8. Dependence of the current amplitude (the average value for 10 light stimuli) for hippocampal
neurons on the intensity of exposure at different light pulse durations: (A) 1-5 ms, (B) 10-50 ms,
(C) 100-500 ms, n = 10. Plots of mean values with error bars indicate the standard error (SE). To obtain
these mean values, fourth-order polynomial smoothing over neighboring points was performed in
GraphPad Prism 7.
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The obtained dependency of photocurrent amplitude on light intensity corresponds with
previously published data [23].

4. Discussion

In this study, we analyzed a range of ChR2 stimulation conditions in experiments with primary
hippocampal cultures.

We have determined an optimal frequency of light stimuli for generating APs in the current-clamp
recording configuration. The optimal frequency range was between 1-5 Hz. Stimulation with
frequencies less that 1 Hz was insufficient to generate APs, and stimulation with frequencies over 5 Hz
results in the loss of fidelity of responses.

We have observed that the amplitude of ChR2 currents depends non-linearly (right-skewed
bell-shaped curve) on the pulse duration. ChR2 photocurrent amplitudes were stable in the range
of 10-30 ms, however, at low (1-5 ms) and large (100-500 ms) pulse duration values, the amplitudes
changed in an almost stochastic manner (Figure 2).

Amplitude differences at low (1-5 ms) values of pulse duration are presumably explained due
the fact that ChR2 only reaches the O; state and cannot change to O, with maximum bandwidth.
At the same time, the observed amplitude differences at large pulse durations are explained due to the
desensitization and degradation of ChR2 and the P, state [7]. Thus, we can conclude that the optimal
interval of light stimuli is in the range of 10-30 ms.

The relationship between the photocurrent amplitude and the intensity of the light stimulus
can be explained by the fact that increasing intensity leads to an increase of O, channel state
duration. At intensities above 35 mW mm ™2, the amplitude of the photocurrent of ChR2 may decrease;
this assumption needs further research.

Thus, we found that the following parameters of light stimulation: frequency (F) = 1-5 Hz,
t =10-30 ms, I < Ijax are optimal for multiple light stimulation, i.e., the activity of neurons expressing
ChR2 will be stable throughout the stimulation period. This is also shown in Figure 9.

Figure 9 demonstrates the cumulative effect of duration and intensity on the activity of neurons
expressing ChR2. Thus, the photocurrent amplitude is almost constant for the pulse duration, which is
equal to 10 ms in the full range of intensities, while there is a wide variation of the amplitude values at
other durations (1 ms and 300 ms) and intensities.
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Figure 9. Graph representing the relative difference between the first two current spike amplitudes as a
function of the light impulse duration and their relative intensity. The maximal difference is normalized
to unity; the relative light intensities are indicated by markers. This graph was designed as follows:
the chosen pulse duration was assigned to a value of the difference between amplitudes of the first and
second pulses.
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5. Conclusions

In this study, we determined the relationship between the light stimulation parameters (frequency,
duration, intensity) and neuron activity during repeated light stimulation and defined the optimal
parameters for the stable activity of neurons. It was determined that the optimal frequency of light
stimuli for generating APs is in the range of 1-5 Hz. We demonstrated that the dependency of the
current amplitude on light pulse duration is described by a right-skewed bell-shaped curve, while the
dependence on stimulus intensity is close to linear. We discovered that the light pulses between
10-30 ms in the full range of intensity are optimal for activation of ChR2 in cultured hippocampal
neurons. We established that a 10 ms duration of stimulation was the minimal time necessary to
achieve full response. The obtained results will be useful in the planning and interpretation of
optogenetic experiments.
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Abstract: Synthetic optogenetics is an emerging optical technique that enables users to photocontrol
molecules, proteins, and cells invitro and invivo. This is achieved by use of synthetic
chromophores—denoted photoswitches—that undergo light-dependent changes (e.g., isomerization),
which are meticulously designed to interact with unique cellular targets, notably proteins. Following
light illumination, the changes adopted by photoswitches are harnessed to affect the function of
nearby proteins. In most instances, photoswitches absorb visible light, wavelengths of poor tissue
penetration, and excessive scatter. These shortcomings impede their use in vivo. To overcome these
challenges, photoswitches of red-shifted absorbance have been developed. Notably, this shift in
absorbance also increases their compatibility with two-photon excitation (2PE) methods. Here, we
provide an overview of recent efforts devoted towards optimizing azobenzene-based photoswitches
for 2PE and their current applications.

Keywords: two-photon; azobenzene; optogenetics; photoswitch

1. Introduction

Photoreceptors are protein light-detectors that allow the cell/organism to respond to its
environment [1]. Most, if not all, photoreceptors are a two-component system: a genetically-encoded
protein coupled to a chromophore. Following photon-absorption, chromophores undergo unique
alterations (for instance in geometry or charge [2,3]), resulting in the modulation of the protein partner to
which each chromophore is bound to. In most instances, this process is completely reversible, whereby
removal of light (i.e., return to darkness) facilitates the relaxation of the chromophore to its initial,
thermally stable state. This also restores the function of the protein back to as it were prior illumination.
These features, explicitly non-invasive reversible control over proteins, have made it possible to
develop fantastic genetically-encoded optical tools—denoted ‘optogenetic” tools—for the manipulation
of defined subsets of cells [4]. Many tools today are based on naturally-occurring photoreceptors, for
instance opsins [5-8]. However, the need to photocontrol other signaling mechanisms, proteins or
molecules, have pushed forward the development of complementary strategies, explicitly Synthetic
optogenetics [9,10].

Synthetic optogenetics relies on the use of non-natural, synthetic chromophores—
photoswitches—to relay photon absorption to modulation of structure and function of their target
molecule (Figure 1a). Photoswitches do not require a unique chromophore binding pocket or protein
domains as in the case of chromophores (e.g., [11]). Instead, photoswitches can be directly conjugated
to various locations on their target molecule with use of different genetic or chemical handles (see
below) [9,12]. However, unlike chromophores that can be synthesized by various cells (even if the cells
are not intrinsically light-sensitive), photoswitches need to be supplemented to the preparation. This
is both a blessing and a curse. Blessing—since the preparation remains naive until the photoswitch
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is added. Curse—it adds another layer of complexity to the experiment, especially in vivo, such as
injection prior experimentation.
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Figure 1. Synthetic optogenetics. (a) Cartoon depiction of a photoswitchable glutamate receptor (space
filling based on PDB: 3KG2). For simplicity, only two of four subunits are presented. In addition, only
one subunit is shown to tether the photoswitch (color-coded shapes). The photoswitch consists of a
ligand (purple rectangle), an azobenzene-core (red hexagon) and a maleimide for attachment (green
circle). In the dark, the photoswitch is in -trans and channel is closed (leftward cartoon, light blue).
Photoisomerization of the photoswitch to -cis by red-shifted light (hv) allows insertion of the glutamate
headgroup (purple rectangle) into its binding pocket inducing channel opening (rightward cartoon,
green receptor; dashed arrow depicts conductance of ions). (b) Chemical structure of an exemplary
photoswitch; MAG (color coded as in (a); maleimide—green; azobenzene—red; glutamate—purple).
Visible light photoisomerization (common to most photoswitches): 360—405 nm light photoisomerizes
MAG from -trans to -cis; illumination at ~460-560 nm (or thermal relaxation; kg 1) returns MAG to -trans.

Photoswitches can be custom-tailored to photomodulate a large variety of effectors. For instance,
some have been fashioned to mechanically restructure membrane lipids or DNA molecules [13-15], to
act as light-activated forceps [16] or to include pharmacological agents (e.g., pore-blockers) to block,
agonize, or antagonize receptors, ion channels, or enzymes (Figure 1b) (also see reviews [9,17,18]). It is
noteworthy to mention that although this method dates back to the late 1960s (Figure 2) [19], it has
particularly gained momentum in early 2000 owing to critical advances in chemistry, biology, and
imaging methods. Here, we focus on the most recent efforts devoted to push it to the next level, namely
towards multiphoton activation of photoswitches for in vivo applications in opaque preparations.
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Owing to the versatility of the technique, we foresee a bright future for 2PE-compatible photoswitches
in biology and medicine.

400+
First demonstration
of 2P-digital holography
and synthetic optogenstics (2015)
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® First in wivo 2PE demonstration
= of a synthetic photoswitch
-% (20183)
£ 2004 First PTL to control mammalian
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;‘ of synthetic optogenstics
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Figure 2. Graphical illustration of ‘synthetic optogenetics’” emerging in the scientific literature.
Cumulative plot of number of publications across years was performed by searching for specific terms
(chemical-optogenetics, photopharmacology, optopharmacology, synthetic optogenetics, optogenetic
pharmacology, photoswitch, azobenzene and photo), as well as by searching for publications from
recognized researchers in the field (e.g., Erlanger BF, Poolman B, Feringa B, Lester HA, Trauner D,
Kramer RH, Isacoff EY, Woolley GA, Gorostiza P, Paoletti P, Ellis-Davies GCR, etc.). Search was
continuously performed in various search engines, notably PubMed Central, Google Scholar, and
bioRxiv. Last query was performed on November 2019.

2. Photoswitches

At the heart of photoswitches lies a light-sensitive core [20]. Of the different kinds, the most
prevalent moiety used in biological applications is the azobenzene (Figure 1b) [21]. Its widespread
use arises from favorable features, such as high quantum yield, minimal photobleaching, and fast
responsivity at biologically-relevant conditions, namely pH, temperature and solubility in water-based
solvents [21-23]. However, its ability to undergo trans-to-cis photoisomerization is undoubtfully the
main reason; giving rise to robust changes in geometry and end-to-end distance of the molecule
(Figure 1b).

Azobenzene photoswitches commonly include additional chemical groups placed on either side
of the light-sensitive core. These can be quite diverse, such as drugs, chemical- or biological tethers,
dyes, as well as lipidic structures [9]. The nature of these groups will dictate the mode of action
of the photoswitch and whether it is to remain diffusive or immobilized to its target. Diffusive
photoswitches (photochromic ligands; PCL) are, in principle, reversible caged-compounds [24]. In
contrast, immobilized photoswitches (photoswitchable tethered ligand; PTL [25]) include a unique
chemical tether that can conjugate specific residues of the protein (e.g., maleimide to bind cysteines [26];
benzylguanine to a SNAP domain [27]). These restrict the binding (thereby the effect) of the photoswitch
to a defined molecule. Importantly, specific amino acids (a.a.) or domains can be genetically-encoded,
thereby giving users access to defined populations of cells. Today, most targets for PTLs require genetic
modifications, with cysteines as the preferred choice. However, recent advances have made it possible
to conjugate photoswitches to endogenous, non-modified receptors by use of strong electrophilic
moiety in the PTL to couple with reactive amines and hydroxyl groups, naturally present in several
a.a. side chains [28]. Another scheme to bypass protein modification is by attaching the photoswitch
next to its intended target. This may include expression of membrane anchors (e.g., a transmembrane

141



Appl. Sci. 2020, 10,805

domain with the tether facing the extracellular) to conjugate the photoswitch which can then modulate
adjacent endogenous proteins [29].

3. Photomodulating Cellular Activity

One prototypical example of a synthetic optogenetic tool is SPARK (Synthetic Photoisomerizable
Azobenzene-Regulated K*-channel) [30]. SPARK was designed to control neuronal excitability. This
channel was designed to tether MAL-AZO-QA. MAL-AZO-QA includes an azobenzene (AZO) flanked
by a cysteine-reactive maleimide (MAL) and a potassium channel blocker (quaternary ammonium;
QA). For the maleimide to specifically tether SPARK, the channel had a cysteine residue inserted in one
of its external loops (as water-accessible cysteines are not common in proteins [31]). Prior illumination,
the photoswitch is found in its elongated -trans form; spanning 17 A. The authors designed the length
of the photoswitch to equal the distance between the cysteine residue and the pore so that the QA
drug would easily reach the pore and block the channel. The functional outcome of blocking this
potassium channel is robust neuronal excitability and action potential firing. This effect was completely
reversed by near-UV illumination (~400 nm), pushing the photoswitch back to -cis, a much shorter
form (end-to-end distance ~10 A), thereby physically removing the blocker away from the pore leading
to immediate silencing of the neuron [30]. This could be repeated many times, by quickly toggling the
photoswitch back to -trans by ~500 nm light (rather than slow thermal relaxation in the dark). Similar
schemes have been adopted to photocontrol a variety of channels and receptors with the, almost
exclusive, use of visible light [9,12].

4. Shifting from Visible to Near-Infrared

Despite progresses made since the very first demonstrations of Synthetic optogenetics by the
Erlanger group in the late 1960s [19,32], current illumination schemes remain as they were back then,
namely rely on the use of visible light, typically near-UV (~400 nm) for trans-to-cis photoisomerization
and blue-shifted wavelengths (~500) for cis-fo-trans [9,12,15,17,18,24,33,34]. Aside the potential
cytotoxicity of these wavelengths [35,36], visible light is not well-suited for deep tissue penetration due
to strong absorption and scatter from endogenous components [37]. The use of longer, near infrared
(NIR; >700 nm) wavelengths is advantageous as these are less absorbed by biological tissues and
water [38], induce less photodamage [36], and are less prone to scatter.

Synthetic optogenetics is slow to adapt NIR illumination owing to the very poor absorbance of
these low energy wavelengths by the azobenzene core, a common challenge with other optogenetic
tools [39], not to mention the relatively little information extant for NIR absorption by photoswitches
([40,41] and see below). In fact, though the -cis azobenzene was first discovered almost a century
ago (see [42]), the debate regarding the exact mechanism for photoisomerization, and how different
factors affect it, remains lively to this day [43,44]. Following excitation, the azobenzene molecule
proceeds from S0 to S1 and S2 states, with distinct absorption bands for each transition (n—7t* transition
excite azobenzene compounds to S1 state and 7—7t* transition leads to S2 state) [45,46]. However,
many different factors can have dramatic influences on the these, for instance substitutions on the
phenyl rings, solvent properties, temperature, to name the more common factors. However, it is
much less known by which of the proposed mechanisms the isomerization of azobenzene proceeds,
namely rotation, inversion, concerted inversion, and inversion assisted rotation (for more details
see [44]). These uncertainties arise from different approaches used, or different experimental settings.
For instance, whereas non-viscous polar solvents favor a rotation mechanism, viscous non-polar
favor inversion [44]. It has also been shown that the use of different wavelengths can affect the
isomerization mechanism. In fact, these differences are also seen with other compounds such as
fluorescent proteins [47,48] and extant data of how wavelengths affect isomerization mostly pertains to
one-photon excitation of azobenzene compounds [49]. This actuality makes it very difficult to infer
the mechanisms for NIR excitation as the absorption properties between these different illumination
schemes are substantially different [41]. For instance, use of 1-photon for isomerization shows that
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the transition from trans-to-cis path develops triexponentially with times of 0.3, 3, and 16 ps (where
the first two reflect population relaxation and the third corresponds to the final relaxation to ground
state [49]) and these are not affected by solvent viscosity rather by wavelengths at early (t~1 ps) and
late (t~100 ps) times but show similar photoisomerization behavior on a 10 ps time scale [50].

Some of these hurdles can be overcome by using, at least, two NIR photons; each with half the
energy of needed, to be absorbed in a single event (within ~10718 s) in order to reach the molecule’s
excited state [51]. For instance, if a photoswitch/chromophore efficiently absorbs near-UV light at 400
nm, in principle it should be possible to excite it by two simultaneous photons at approximately 800 nm
each [41]. This technique is denoted two-photon excitation (2PE) [52]. However, it is important to note
that 2PE is a third-order nonlinear process that depends not only on the absorption cross-section (02) of
the molecule, but also on the concentration of incident photons. Therefore, even small differences in laser
conditions can lead to very different absorptions; making it difficult to compare compounds, or even
the relative strength of transitions. Nevertheless, recent reports addressing these issues show that the
fundamental excitation of the SO—S2 transition by 2P are similar and are due to resonance absorption [50].

2PE allows to excite molecules found deeper within the tissue (up to mm), athigh three-dimensional,
sub-micrometric spatial resolution [51,53]. This provides exquisite means to activate optogenetic tools
at the level of single cells, or even subcellular regions, with minimal light escaping to undesired or
nearby regions [54]. However, many optical tools display low 2PE absorption cross-section. This is
worsened by low expression of the protein under control or its low conductance (in the case of an ion
channel) [55,56]. Together, these limitations largely render 2PE unusable in these instances. Improving
2PE could be obtained by increasing the 2PE cross-section absorption of a photoswitch by chemical
modification (s) (see below), by increasing the expression and of the protein or to simultaneously
illuminate larger regions-of-interest (ROIs) such as entire somata. Expansion of the illumination area
can be obtained by parallel excitation techniques that provide a high flux of photons to numerous ROIs
simultaneously, in contrast to rastering methods (line scanning) that provide photons to single pixels
sequentially [55,57]. A collection of these improvements have been employed for 2P-photolysis of
caged-compounds as well as photoactivation of various opsins for quite some time now [56,58-62]
and, only recently, in synthetic optogenetics (Figure 2).

5. Two-Photon Compatible MAG-Based Photoswitches

One of the most commonly employed tethered photoswitch is MAG [9] (Figures 1b and 2). MAG,
similar to MAL-AZO-QA (see above), has an azobenzene-core (A), flanked by a cysteine-reactive
maleimide (M), but instead of a channel blocker bears a glutamate molecule (G). This photoswitch
is therefore intended for glutamate-binding proteins. The MAG photoswitch has been employed
to activate glutamate receptors (e.g., LiGluR, LiGluN, mGluRs) in its -cis form, not to mention to
antagonize a glycine-binding receptor (the GluN1la-subunit [26]). Akin to other azobenzene-based
photoswitches, MAG undergoes very efficient -trans to -cis photoisomerization when irradiated with
near-UV light (MAGy; Atrans-cis 340—400 nm), and reverts from -cis back to -trans by thermal relaxation
or, significantly more rapidly, by blue-green wavelengths (MAGo; Acis-trans 440—580 nm). Nevertheless,
with regards to 2PE, MAG exhibits very poor absorption in the red-to-NIR range (~700-1400 nm) [41].

In the case of first generation MAGs (MAGO [26,63,64]), endowed with a symmetrically-substituted
azobenzene (Figure 2 and Table 1), the 2P-absorption cross section is low (02 = 10 GM at 820 nm [41]),
albeit on the order of magnitude of a common fluorescent protein such as eGFP (02 = 30 GM at 927
nm [47]). This, along the lower expression and density of channels at membrane of neurons, results in
very little or no capacity to photocontrol cellular activity when 2PE is employed [41]. This prompted
the design of second-generation MAGs with increased 2P-absorption cross sections. More precisely,
this required lowering the energetic barrier of frans-to-cis isomerization by specifically adjusting and
shifting MAG’s spectral properties towards ‘red’-er wavelengths.
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One strategy employed involved breaking the symmetry around the azobenzene core (below in
Figure 3 and Table 1) [74]. This was obtained by creating a push—pull system, where one benzene
ring of the azo-core was decorated with an electron donating group, while the second azo-unit was
supplemented with an electron withdrawing group. These led to an asymmetric azobenzene with
a significantly red-shifted absorbance [21,68,74-77]. This strategy was employed in one of the very
first 2P-compatible PTLs, where the MAG photoswitch was redesigned to include an asymmetric
aminoazobenzene core (tertiary amine in the 4’-position) to act as a strong electron-donating group,
denoted MAG2p (Figure 3) [65]. Indeed, this photoswitch exhibited a red-shifted 1P-absorption
spectrum peaking at 420 nm; ~60 nm red-shifted compared to the parent MAG. Notably, this
photoswitch could be activated by 2PE (Table 1). In a subsequent report, the authors estimated its
2P-absopriton cross section and suggest it to be ~five times higher than that of the parent photoswitch
(MAG2p, 02 = 56 GM [72] at 850 nm, Table 1). The authors go on to show that, when coupled to a
glutamate receptor (LiGluR [63]) optimal 2P-responses are obtained at 900 nm. Another unique feature
of this photoswitch is that it is no longer bi-stable, rather spontaneously reverts back to -trans in the
dark. Notably, decrease in the thermal stability of the -cis isomer by red-shifting of absorbance of
azobenzenes is a well-described phenomenon [74]. The functional outcome of the thermal relaxation
of the photoswitch is a rapid cessation of channel activation, seen as a decrease in current once
illumination stops (Tog = 150 ms [67]; ~10,000-fold times faster than thermal relaxation of MAG, T =
25 min [75]).

A push-pull scheme was similarly employed, very shortly after, by Kienzler et al. [75]. Here,
the authors have modified MAG to include an asymmetric azobenzene-core with a tertiary amine at
the 4’-position as the electron-donor, but an acetamido-group at the 4’-position, as the weak electron
withdrawing group (Figure 3). These modifications resulted in a larger shift in peak 1P-absorption
(~100 nm) of the -trans isomer (Apeak = 460 nm), therefore denoted MAGyg (Figure 3) [75]. Expectedly,
this modification reduced the stability of the -cis isomer (MAGyg, Tofr = 0.71 s) [75]. Importantly, this
shift led to an 8-fold increase in the photoswitch’s 2P-absorption cross section (trans-MAGyg, 02 = 80
GM at 850 nm) [41]. We have later employed this photoswitch to successfully activate LiGluR [41].
Though the photocurrents obtained by 2PE were of smaller amplitude than when using 1P-illumination,
they were sufficient to evoke action potential firing in cultured neurons by parallel excitation methods
(digital-holography; Table 1) [41,78]. Lastly, we also employed a fluorescent reporter as readout for
Ca®*-activity (R-GECO) and find it to provide reliable responses (AF/F), demonstrating that this method
is also suitable for all-optical interrogation of cells [78].

Another interesting strategy that has been employed to sensitize the MAG photoswitch towards
NIR wavelengths is by adding a light-harvesting molecule (i.e., antenna). Two such photoswitches
were designed under the name of maleimide-azobenzene-glutamate antenna, or MAGA. The
first—MAGA2p [65]—consisted of the same asymmetric core as us found in MAG2p along an
added light-harvesting naphthalene-derivative (with a high 2P-absorption cross section; 02 ~ 200 GM
at 780 nm [79]) (Figure 3). The antenna was incorporated to sensitize the trans-azobenzene by resonant
electronic energy transfer (RET) (Figure 3). This photoswitch could therefore be photoactivated
by two distinct mechanisms: direct excitation of the push-pull azo-core by 2PE and RET by the
photosensitizing antenna. This photoswitch displayed low thermal stability, with rapid relaxation of
the currents (Tog = 265 ms [65]) that, when excited using a laser-scanning method, would not allow
efficient activation of the channel or robust cellular responses. In a subsequent improved version,
MAGA ligand-2 (Figure 3) [66], the authors maintained an antenna for harvesting light, albeit swapped
it by a pyrene molecule (o, = 55 GM), but reverted back to a symmetrical azo-core with the intention
to counteract the pyrene’s lower 2P-absorption cross section (~4-fold lower than naphthalene) by
increasing the thermal stability of the photoswitch. Indeed, the resulting photoswitch exhibited a
highly stable -cis isomer (MAGA ligand-2, To = 2.0 h in DMSO). Thus, the increased thermal stability
of the -cis state should make this photoswitch more suitable to accumulate activated photoswitches
by scanning imaging methods. However, it is worthy to mention that the photosensitizing antenna
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employed drastically reduced the solubility of the photoswitch and, likely, its usability in biological
experiments. Indeed, so far MAGA ligand-2 was not employed with cells (Table 1).

Photoswitch Apeak (1P: approx.)
trans-PAl 320 nm
trans-ATG 330 nm
. 360 nm
trans-L-MAGO ‘dj’
360 nm
slow rt/;(
trans—l'\MGzp_F

trans-MAGA ligand 2 &(‘ 380 nm

trans-MAG2p B:/ 420 nm
420 nm

trans-MAGAZp

trans-MAG0,5q 460 nm

470 nm
trans-toCI-MAG1
trans-Glu_brAzo2 480 nm
620 nm

trans-compound 28

Figure 3. Chemical structure and absorption of exemplary 2P-compatible photoswitches. Left, names of
photoswitches; right, one photon (1P) peak absorption (Amax), also depicted by middle color gradient.
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The most recent development in MAG photochemistry includes a compromise between the -cis’
thermal stability and 2P-absorptivity by addition of a strong inductive electron withdrawing group
in the ortho position, in conjunction with an asymmetric azo-core (Figure 3). This new design has
been based on previous ortho substitutions made onto azobenzene molecules that can affect the steric
or electronic barrier for isomerization, not to mention to robustly slow down its thermal relaxation
rates [68,74]. Examples of this include the symmetrical azo-core photoswitch denoted toCI-MAG1
(Figure 3); highly decorated with tetra-ortho-chloro substitutions, exhibiting a very slow thermal
relaxation (T = 3.5 h at 37 °C in PBS, pH = 7.0) [68], not to mention red-shifting its peak 1P absorption
to 470 nm (the most rightward shift seen in PTLs) (Figure 3). When computationally modeled onto the
azo-core of MAGO and MAG2p, these substitutions yielded new photoswitches, designated MAG;I;’E‘I’E
(Figure 3) [67]. Surprisingly, these substitutions did not lead to a major shift in the 1P absorption of
the photoswitch (Apeak = ~360 nm), however they significantly increased the thermal stability of the
-cis variant when compared to previous MAG2p (MAG2p, T.s = 118 ms in 80% PBS:20% DMSO [65];
MAG;Z’E”F, Teis = 10 min in 99% PBS:1% DMSO [67]). Modeling also showed that the photoswitch

should exhibit a slightly increased 2P-absoprtion cross section (MAG2p, 02 = 56 GM; MAG;Z’%, 02 =
69 GM), therefore potentially resolving the problem of insufficient accumulation of opened channels
during illumination. Although the authors do not show comparison of 1P vs. 2P-mediated current
size (which should differ), they do however extensively characterize the responses obtained by a
fluorescent calcium activity reporter (RCaMP2) and show that equivalent responses are obtained when
using optimal 1P-(405 nm) or 2P-excitation (780 nm) (Table 1). These results are in-line with our own,

showing the compatibility of this photoswitch, and technique, for all-optical interrogation of cells.

6. Novel Photoswitches with 2PE-Potential

Other azobenzene-based photoswitches have also been rendered 2p-compatible by use of other
strategies. Of these, the methoxy-substitutions at the mefa positions and C2-bridged azobenzene are
particularly interesting [74]. Methoxy meta-substitutions are estimated to strongly shift the absorbance
of the azo-core to much longer wavelengths than most reported photoswitches (i.e., >100 nm),
specifically into the far-red and infra-red regimes [80] and these should likely have a high 2P-absoprion
cross section. However, these modifications will most likely lead to very rapid thermal relaxations.
One such example is compound 28 with near-IR absorbance peaking at 620 nm (but also sufficiently
activated by 730 nm), but with an ultra-rapid thermal back reaction (s = 10 us) (Figure 3) [74].

The second approach, the C2-bridged azobenzene, also show a significant red-shifted absorption
spectrum of the -trans isomer (Amax > 540 nm) [72,74,81], implying an increased 2P-absorption cross
section [41], but with a much more favorable (i.e., slower) thermal relaxation rate (on the order of
minutes at room temperature in aqueous solution) than methoxy meta-substitutions. The drawback of
the molecule is that the -cis state is the more thermodynamically stable form. This means that if the
photoswitch is active in -cis, it would be active when applied onto the preparation. Thus, it is preferable
should the photoswitch be active only in -trans. An additional drawback is that the stable -cis isomer
poorly absorbs red light and isomerization to -trans requires UV to near UV illumination. Recently,
two trans-active diffusible photoswitches were designed based on a C2-bridged azobenzene, denoted
locked-azobenzene (LAB) [82] or Glu_brAzo [72]. Both photoswitches bear a glutamate moiety as
ligand, thus intended for activation of glutamate receptors, and exhibit highly similar structural and
spectral properties (Figure 3). Of note, despite their similarities, LAB is shown to selectively activate
NMDARs, whereas Glu_brAzo efficiently activates both Kainate and AMPA receptors. Regardless
the receptor type, Glu_brAzo shows more practical features for use in vivo, particularly increased
solubility in aqueous media owing to the addition of a bulky ionic group. This is noteworthy as
solubility issues are a very common limitation of most photoswitches, in particular azobenzene-based
ones [9,21]. This additional group is also suggested to improve the performance of the photoswitch by
increasing the steric congestion around the glutamate moiety with the intention to lower the interaction
of the glutamate moiety with the receptor when the photoswitch is found in its stable -cis isomeric
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form. To design Glu_brAzo, the authors searched for trans-active photoswitches that target glutamate
receptors. This was not very challenging as most diffusible GluR-photoswitches are, surprisingly,
active in the extended thermally stable -trans form (e.g., [83,84]). They honed-in on a trans-active
photoswitch denoted GluAzo [85]. For photoactivation, cis-Glu_brAzo (i.e., inactive) requires Apeak =
395 nm to shift to -frans. As noted above, this is quite a limitation for two-photon activation. However,
this photoswitch exhibits very desirable bi-stability, with very slow spontaneous back-isomerization
from trans-to-cis (t;p~4 h, at RT in aqueous media). This step could be accelerated by green light
illumination (Apeax = 480 nm), suggesting that it may also be compatible with 2PE. However, the
2P-absorption cross section was not assessed for Glu_brAzo (or LAB) and is very hard to predict
based solely on 1P absorbance (seen above and e.g., [47]). An additional limitation of Glu_brAzo is
its overlapping absorption spectra of both -cis and -trans isomers, so much so that even the use of
optimal 1P wavelengths result in a mixture of photostationary states, with merely ~60% of the active
-trans isomer.

7. Future Prospects

There is growing interest in synthetic optogenetic tools in fields such as in neuroscience [8,12,23],
heart physiology [86-88] and, intuitively, vision restoration [89-92]. Thus, we expect these to motivate
further developments of the strategy in the upcoming years, in particular towards progression of the
technique towards enhancing multiphoton absorption. Synthetic optogenetic tools can be combined
with electrophysiological recordings and optical tools (e.g., Ca?*-probes [78]), making it highly tailored
for in vivo use in different animal models in an all-optical manner. We also suggest that several
photoswitches might even make it to the clinic [93], in particular photoswitches that target native
proteins (e.g., [28,29]) or those applicable in the blood [74]. In addition, synthetic optogenetic tools
have shown promise for studying (and maybe treating) Parkinson’s disease-related receptors [94],
inhibiting cellular division in cancer [95], not to mention controlling cellular excitability, highly relevant
for brain diseases such as epilepsy [96].

Here, we have briefly summarized several of the newest developments in the field of synthetic
optogenetics, more precisely efforts devoted towards rendering photoswitches absorbent of longer,
red-shifted wavelengths and their ability to undergo 2PE. These properties are highly desired for
making the method more operational in vivo. Despite this motivation, it remains that most laboratories
focus on designing unique photoswitches for 1P-applications. We believe that this stems from limited
information on nonlinear multiphoton properties of photoswitches and the difficulties in determining,
a priori, their multiphoton absorption properties [47,67], relaxation rates and whether optimization
(derivatization) of 1P-functional photoswitches towards 2PE will not render them inoperative.

It appears that bistable photoswitches provide an optimal starting point for designing
next-generation 2PE-compatible photoswitches. The slow relaxing photoswitches with light-harvesting
antennae and symmetrical azo-cores display high 2P-absorption cross section that should allow for
robust photoactivation of optical actuators in vivo. However, they will require further modifications to
increase their solubility in aqueous solution prior use with cells. The bistable MAG;’”Z"F exhibits slightly
better features. Though of lower 2P cross-section (<70 GM) and almost no shift in 1P absorption maxima,
its lower thermal relaxation allows for larger responses. The effect of this, and other, photoswitches
could be further improved by additional means such as use of higher 2P-laser intensities (keeping
in mind that higher intensities may be harmful to cells [52]), increase in the expression of the optical
actuators [97,98] and, importantly, use of parallel excitation methods for simultaneous activation of
larger regions of interest in all axes [55,57,78,99].

In summary, we see current hurdles as wonderful incentives and opportunities for designing
better photoswitches and protein actuators. Indeed, many labs around the world are working intensely
to address these issues. Consequently, we anticipate that the potential of synthetic optogenetics
towards in vivo use and the clinic will be realized within the next few years.
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