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Abstract

Optogenetics is an emerging biological technique that is causing a
revolution in life science. It uses optical methods to control and visualize
genetically targeted biological events in a relatively non-invasive and
spatiotemporally precise manner. Optogenetics requires advanced optical
instruments, but the most important requirement is genetically encodable
molecular tools to serve as the interface between light and biology. Naturally
occurring photoreceptor proteins are a great source of optogenetic tools,
however, their range of utility is restricted. Most naturally occurring
photoreceptor proteins have required some degree of protein engineering for
improved optical and functional properties. Encouragingly, an expanded range
of optogenetic tools with novel functions has been developed by coupling the
natural photosensory mechanisms with certain proteins. Through such efforts,
the optogenetic toolkit is rapidly growing, though it is still relatively limited.

In this thesis, we describe our efforts to expand the scope of photosensory
mechanisms by engineering a photocleavable protein (PhoCl) that splits into
two fragments upon violet light (~400 nm) illumination. PhoCl is a circularly
permuted version of a green-to-red photoconvertible fluorescent protein (FP) in
which the main chain break that accompanies photoconversion produces a short
chromophore-containing peptide fragment that spontaneously dissociates from
the large fragment. We have used PhoCl to manipulate protein localization and
gene expression by genetically inserting it between a protein-of-interest (POI)
and a subcellular localization tag. Upon illumination, the POI is released from
the subcellular localization tag and is free to diffuse throughout the cell. We

have also used PhoCl to “cage” an enzyme of interest by fusing a peptide-based
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inhibitor to an enzyme via PhoCl. Light-dependent cleavage of PhoCl leads to
release of the inhibitor and activation of the formerly caged enzyme. This
strategy has been successfully applied to hepatitis C virus (HCV) protease,
which was further used to activate the channel-forming glycoprotein, Pannexin-
1.

We also report the development, optimization, and characterization of the
first genetically encoded near infrared (NIR) fluorescent pH indicator, pH-mIFP.
The pH dependent fluorescence was introduced to the NIR FP by rational design,
which was followed by directed evolution for improved brightness and pH
sensitivity. We have demonstrated pH-mIFP can report pH changes on the
surface of cultured mammalian cells. Fluorescence imaging with long-
wavelength excitation light has the advantages of low cytotoxicity, deeper
tissues penetration, and spectral compatibility with existing optogenetic tools.
Therefore, we expect pH-mIFP will find use for multicolour and deep-tissue

fluorescence imaging of physiologically-relevant pH changes.
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Chapter 1: Introduction

1.1 Overview and premise

Optogenetic techniques have been widespread throughout the life-science
community since they first rose to prominence about one decade ago. These
techniques combine optical and genetic strategies to control and visualize
defined biological processes [1-3]. Compared with conventional chemical and
electrophysiological techniques, optical methods are relatively non-invasive
and provide high spatiotemporal resolution. Furthermore, genetic modification,
though being time-consuming, enables precise targeting of biological events at
molecular level. The combination of optical and genetic methods, for the first
time in history, allows us to interrogate specific biological processes under close
to native conditions.

The key reagents required for optogenetics are proteins that are both light
excitable and genetically encodable. Most organisms on earth use light, in one
way or another, to favor their survival. Natural photoreceptor proteins serve as
the light transducers that mediate either energy transfer (photosynthesis) or
signal transfer through processes that include visual perception, photoperiodism,
phototropism, and phototaxis [4]. The well-known photoreceptor proteins
include opsins, phototropins, cryptochromes, ultraviolet (UV) -B receptor,
green fluorescent protein (GFP) (and its homologs), and phytochromes.

Originally, the term “optogenetics” only referred to the optical control of
electrical activity in neurons with microbial opsins expressed heterologously [1].
The repertoire of optogenetics has since been expanded with the development

and use of optogenetic tools that enable control and imaging of a variety of



biological activities. Most optogenetic tools are generated from natural
photoreceptor proteins through the process of protein engineering [3,5-7].
According to their different responses upon the absorption of light, the tools are
subdivided into two groups: optogenetic actuators to transduce light into
biological stimuli (control), and optogenetic indicators to transduce light into
readouts (imaging). Moreover, the combined use of both indicators and
actuators enables all-optical assays in which a biological activity is being
simultaneously visualized and controlled [8—10].

An optogenetic tool typically consists of a photosensory moiety that
interacts with light and a second moiety that interacts with the biological system.
For actuators, the photosensory moiety absorbs light and initiates protein
conformational changes through photoreactions such as photoisomerization and
photoreduction. As a result, the activity of its interactive moiety is modified.
For indicators, the photosensory moiety absorbs light and emits energy as
photons (exhibits fluorescence). Its interactive moiety reacts with small
biomolecules or other biochemical changes and alters the fluorescence intensity
or profile.

The photosensory moiety must contain a chromophore to enable light
absorption. The common chromophores include endogenous small molecules,
like retinals in opsins, flavins in cryptochromes and phototropins, and bilins in
phytochromes. GFP is unique in that its chromophore is generated from
autogenically modified amino acid residues that are part of its own sequence.
The chemical characters of a chromophore and the microenvironment around it
determine the optical properties of an optogenetic tool, such as absorbance

wavelength, extinction coefficient (ability to absorb light), quantum yield



(ability to convert absorbed photons into fluorescence or photoreactions), and
kinetics of the photocycle. The optical properties often can be optimized using
the strategies of protein engineering including rational design and directed
evolution [6,7,11-13].

In order to interact with the biological system, the photosensory moiety is
coupled with an interacting moiety in one optogenetic tool. Based on the
different modes of incorporation, optogenetic tools can be categorized into two
types (Figure 1.1). For type I tools, the two moieties both originated from one
family of natural photoreceptor proteins, and are naturally incorporated. These
tools, like Channelrhodopsin (ChR) -2 (a light-gated ion channel) [14] and
pHluorin (a pH-sensitive GFP) [15], inherit the functions from their protein
progenitors. For type II tools, the interacting moiety (e.g., a functional motif
from a protein-of-interest (POI)) has been genetically fused with a photosensory
domain. For example, photoactivatable Racl (PA-Racl), is composed of the
photoreactive light-oxygen-voltage sensing (LOV) domain from phototropin
fused to a small GTPase (guanosine triphosphatase), Rac 1 [16]. Similarly,
genetically encoded Ca?" indicators for optical imaging (GECOs) are composed
of a calcium sensing domain (a vertebrate calmodulin (CaM) and the CaM-
binding region of chicken myosin light chain kinase (M13)) fused to a circularly
permuted (cp) fluorescent protein (FP) [17]. This general type II strategy holds
the promises of practically unlimited possibilities in terms of the scope of
biological processes that can be optogenetically controlled and imaged, as the
interactive moiety could be derived from any POI in principle. However, in

practice, the arsenal of optogenetic tools remains relatively limited.
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Figure 1.1. Schematic representations of optogenetic tools. The examples
shown are: ChR-2 for type I actuators; pHluorin for type I indicators; PA-Racl
for type II actuators; and green GECO (G-GECO) for type II indicators. The
type II optogenetic tools are typically a hybrid of a photosensory domain and
the functional motifs from a POL.

Now, optogenetics is no longer considered quite revolutionary as it once
was, as its concept and advantages have already been widely recognized and
exploited by biologists. However, as more biologists have grown accustomed
to using optogenetic tools, there is a growing demand for tools with new
capabilities [18,19]. However, the range of optogenetic tools remains
disappointingly small, primarily due to the limited capabilities of natural
photosensory domains. For the research described in this thesis, we attempted
to address the limitation by using protein engineering to generate new
optogenetic tools. One set of tools are optogenetic actuators that were enabled
by a photocleavable protein (PhoCl) derived from a green-to-red
photoconvertible FP. Another type of tool is an optogenetic fluorescent pH
indicator based on a near-infrared (NIR) FP derived from bacterial phytochrome.

In this introductory chapter, we present an overview covering the strategies of



tool development using natural photosensory domains. Topics to be reviewed
include: opsins, photosensitive flavoproteins, UV-B receptor, photoactive

yellow proteins (PYPs), GFP-like proteins, and phytochromes.

1.2 Opsins

Opsins are a group of photosensitive proteins found in a broad range of
species including animals and microbes. Their most familiar function is as
photoreceptors required for vision [20]. Opsins contain a seven-transmembrane
(7-TM) domain that binds to a retinal chromophore covalently through a
protonated Schiff base (PSB) linkage with the side chain amine of a conserved
lysine residue [21,22]. Upon light absorption the retinal isomerizes and thereby
triggers conformational changes that initiate diverse subsequent events, such as
signal transductions [20].

Though they share high structural similarity, animal and microbial opsins
differ in two fundamental respects: photocycle and function [23,24]. First,
animal opsins utilize the 11-cis isomer of retinal (or derivatives), which
isomerizes to the all-trans configuration when illuminated. For the next round
of photocycle, the opsin must be regenerated through recruitment of a new 11-
cis retinal (in vertebrates) [25], or direct re-isomerization induced by absorption
of photon with longer wavelength (in invertebrates) [26]. In vertebrates, the
released all-trans chromophore will eventually revert to the 11-cis configuration
through a time-consuming (~30 min) enzymatic pathway in retina [25].
Microbial opsins, in contrast, use all-frans retinal, which isomerizes to the 13-
cis configuration upon illumination and spontaneously reverts to the ground

state in the dark on a timescale of milliseconds, while remaining conjugated



with the protein as a PSB (Figure 1.2a) [27]. Second, animal opsins, belonging
to the family of G protein-coupled receptors (GPCRs), modulate internal signal
transduction pathways through the interaction with the cognate G proteins [23].
In contrast, microbial opsins are typically light-activated ion pumps or channels
that directly generate ion currents across the cellular membrane [24]. Both
groups of opsins have been extensively characterized, engineered and expressed
heterologously to control and image cell activities optogenetically by

researchers, primarily neuroscientists [23,28].

1.2.1 Animal opsins

In 2002, Zemelman and Miesenbdck reported the concept of optogenetic
control: selective photostimulation of genetically designated cells [29].
However, the popular term “optogenetics” was first mentioned in the literature
by Deisseroth in 2006 [1]. Zemelman and Miesenbdck demonstrated the
concept by expressing a combination of proteins, called “ChARGe”, which
included the Drosophila NinaE opsin, arrestin-2, and the cognate G protein o
subunit, in cultured mammalian neurons. White light was used to induce action
potentials in the neurons expressing ChARGe. White light was used because, in
addition to the higher energy blue light required for photoactivation, NinaE
requires lower energy photons to regenerate the ground-state chromophore with
the assistance of arrestin-2. However, this approach was hindered from
widespread application due to its poor temporal accuracy. The neuron firings
induced by ChARGe were not tightly temporally coupled to the light stimuli
due to the lengthy multi-junction signalling pathway downstream of opsin
activation. Specifically, neuron firing involves the activation of G protein o

subunit, phospholipase C (PLC), and possibly a biochemical cascade to open



endogenous transient receptor potential (TRP) cation channels [26,30].
Although animal opsins do not provide an ideal temporal resolution for the
control of neuronal electrical activity, they are particularly well suited to induce
G protein related biochemical events optically. For example, in 2005 Kim et al.
engineered a chimeric opsin to activate P2-adrenergic receptor (f2-AR) -
mediated signaling optically, by replacing the intracellular loops of bovine
opsin with those of f2-AR that form the interface between B2-AR and its
cognate G protein [31]. This work inspired the development of an expanding
family of synthetic opsins that combine optical control with the function of
chemical sensing GPCRs including adrenergic receptors [32], serotonin (5-HT)
receptors [33,34] and p-opioid receptor [35]. In all these experiments,
exogenous 11-cis retinal must be supplied when vertebrate opsins were used,
due to the lack of enzymatic pathway for chromophore regeneration outside of

the retina [25].

1.2.2  Microbial opsins
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Figure 1.2. Microbial opsins. (a) Light-induced isomerization of the retinal
chromophore in microbial opsins. (b-g) Schematic representations of microbial
opsin-based optogenetic tools including ChRs (b), bacteriorhodopsins (c),
halorhodopsins (d), anion-conducting ChRs (e), Arch-3-based voltage
indicators (f), and a fungal opsin-based guanylyl cyclase BeCycOp (g). The
three-dimensional structures are rendered based on 7-TM domain of a C1C2

chimaera between ChR-1 and ChR-2 (PDB ID 3UG9 [36]).

In 2005, Boyden et al. first demonstrated the power of microbial opsins to
control neuronal electrical activity by using the 7-TM fragment of
Channelrhodopsin (ChR) -2 which is a light-gated cation channel from a green
unicellular alga [14]. When expressed in mammalian neurons, ChR-2 inserts
into the plasma membrane and induces cation (H", Na*, K*, and Ca*") influx in
response to blue light (Figure 1.2b) [37]. It shows no dark current, and exhibits

rapid on and off kinetics with time constants of ~1 and ~10 ms, respectively.



On account of its robust expression and high photosensitivity, ChR-2 allows the
membrane potential to reach the threshold for depolarization within 5-15
milliseconds of illumination at a modest light intensity (~10 mW/mm?).
Accordingly, ChR-2 can be used to drive neuronal firing at physiologically
relevant frequencies without too much concern for phototoxicity. Additionally,
ChR-2 can be easily delivered, as it is encoded in a modestly-sized single gene
of ~900 base pairs (bps) and is self-sufficient to incorporate the endogenous all-
trans retinal efficiently in mammalian tissues. Because of these features, ChR-
2 enables precise control of action potential firing in many types of preparations
including freely behaving mammals [38,39], and has been applied widely in
life-science laboratories. In addition to ChR-2, a variety of channelrhodopsin
variants have been discovered from other species or designed using protein
engineering for one or multiple desired characters, such as tuned kinetics [40—
42], increased photocurrent [43—45], red-shifted excitation wavelength [42,46—
48], improved protein expression [44,45], and ion selectivity [49].

While channelrhodopsins are indeed a channel that passes ions down the
concentration gradient, the bacteriorhodopsins (BRs) and halorhodopsins (HRs),
were identified as light-driven ion pumps [50,51]. BRs can transport one H" out
the cell each photocycle and HRs pump CI1 into the cell (Figure 1.2¢,d). Both
of these microbial opsins can, in principle, be used to generate outward photo-
currents and cause neuronal inhibition (hyperpolarization) by increasing the
threshold of stimulus required to initiate action potentials. In 2007, Zhang et al.
reported that Natromonas pharaonis halorhodopsin (NpHR) could be used to
hyperpolarize neurons in free-behaving animals on timescales ranging from

milliseconds to minutes in response to yellow-light illumination [52]. Since then,



various BRs, HRs, and their derivatives have been exploited to induce neuronal
inhibition [53]. However none of these opsins has yet proven to be the optimal
tool to silence neurons optogenetically, mainly due to their limited
photocurrents compared with ChR-2. Activation of ChR-2 leads to opening of
a pore (> 6 A) that allows many ions to flow through [37]. In 2014, two groups
of scientists, Wietek et al. and Berndt et al., simultaneously reported the
conversion of channelrhodopsins into light-gated chloride channels by
introducing point mutations to remove negative charges and add positive
charges in the channel pore (Figure 1.2e) [54,55]. Upon illumination, these
anion-conducting channels can inhibit action potentials by creating counter
photocurrents only when stimulus occurs. Recently, naturally occurring
chloride conducting channels have been identified and applied as optogenetic
tools [56-58]. Given their capability to drive specific ions against
electrochemical gradients, ion-conducting pumps are the only optogenetic tool
option for transporting ions against the concentration gradient. For example, a
BR-type proton pump called Archaerhodopsin (Arch) -3 was targeted to
synaptic vesicles and lysosomes to induce their light-dependent acidification
[59].

In 2011, Kralj et al. first described the potential of using microbial opsins
to image voltage transients in neurons [60]. The authors discovered that Arch-
3 exhibited voltage-dependent fluorescence changes (excitation maximum (Aexi)
at 560 nm and emission maximum (Aemi) at 690 nm), in addition to its long-
known function as an outward proton pump. By mutating one key residue
required for proton transfer, they generated Arch (D95N) a fluorescent opsin-

based voltage indicator (Figure 1.2f). However, the utility of Arch (D95N) was
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limited due to its relatively low fluorescent brightness (15 M 'em™!, calculated
by extinction coefficient x quantum yield) and slow response (off-time constant,
41 ms). Hochbaum, Zhao and colleagues used directed evolution to improve the
photophysical characteristics of Arch (D95N), leading to two variants named
QuasArl and QuasAr2, which showed increased brightness and voltage
sensitivity, and responded to membrane potential changes on sub-millisecond
timescale [61]. They combined the QuasAr reporters with a blue-shifted
channelrhodopsin (Aexi at 460 nm) to enable all-optical control and detection of
membrane voltage with minimal cross-talk. The combination was named
‘Optopatch’, because of its functional similarity with patch clamp
electrophysiological techniques.

With the ongoing discovery of additional microbial opsins with functions
other than ion transfer, the opsin-based optogenetic toolkit is expanding. For
example, a microbial opsin with a guanylyl-cyclase intracellular domain, named
as BeCyclOp, was recently identified in the fungus Blastocladiella emersonii
[62]. BeCyclOp was demonstrated to be useful as a light-regulated guanylyl
cyclase to trigger cyclic guanosine monophosphate (cGMP) increase in a
variety cell types and in a freely behaving animal, Caenorhabditis elegans
(Figure 1.2g) [63]. Over one decade since they were first reported, microbial
opsins are arguably the single most useful class of optogenetic actuator because
of their robust expression, high specificity, fast kinetics and great sensitivity.
However, their functions as tools are generally limited to the functionality of
their natural progenitors, which only represent a small corner of biology. More
general photosensory modules are needed for future tool development in

optogenetics.
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1.3 Photosensitive flavoproteins

Flavoproteins are a family of proteins containing either flavin adenine
dinucleotide (FAD) or flavin mononucleotide (FMN) as a redox cofactor, and
mediate a wide array of biological processes that involve reduction—oxidation
reactions [64]. Some examples of photosensitive flavoproteins include:
phototropins involved in the phototropism of plants; cryptochromes involved in
the circadian rhythms of plants and animals; and transcriptional antirepressor
AppA involved in the regulation of bacterial photosynthesis [65,66]. These
photosensitive flavoproteins react with light through photoreduction of the
flavin chromophore in their photosensory domains [67]. Some of the
photosensory domains, such as light-oxygen-voltage sensing (LOV) domains in
phototropins and cryptochromes, have been widely used to engineer
optogenetic tools for biological processes that are unrelated to the natural roles

of these proteins.

1.3.1 LOYV domains

LOV domains were first identified as the photosensory domains in
Arabidopsis phototropin 1 [68]. However, they were subsequently found in a
variety of bacterial, fungal, algal, and higher plant species [69]. Structurally,
LOV domains are small (~15 kilodalton (kDa)) and are considered a subset of
the Per-Arnt-Sim (PAS) domain family. Proteins in this family have a helical
face and a 5-stranded antiparallel B-sheet that form a binding pocket for the
FMN or FAD chromophore [70]. In the dark-state, a LOV domain contains an
oxidized flavin chromophore that absorbs blue light (wavelength, ~400—480
nm). Upon illumination, the flavin chromophore is reduced through formation

of a thioether bond between its C4a position and the thiol moiety of the active
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site cysteine residue (Figure 1.3) [71]. This formation of a new covalent bond
leads to conformational changes in the highly variable N- or C-terminal regions

[72]. This process is thermally reversible on a timescale of seconds to days in

the dark [73].
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Figure 1.3. The photochemistry of LOV domains.

When expressed heterologously, LOV domains generally are able to
incorporate endogenous flavins efficiently in various cell types. Some LOV
domains exhibit fluorescence and have been engineered for improved
brightness so they could be used as optogenetic tools for live cell imaging [74].
The resulting variants are particular useful in low-oxygen or anaerobic
conditions where the chromophore formation of GFP-like proteins is impaired
due to the lack of molecular oxygen (as described in section 1.6.1) [75,76]. One
fluorescent variant of Arabidopsis thaliana phototropin 2 LOV2 domain
(AtLOV2) also produces singlet oxygen upon blue-light illumination [77]. This
variant, designated as mini Singlet Oxygen Generator (miniSOG), can be used
as a genetically encoded photosensitizer, rather than a fluorescent reporter, to
ablate surrounding proteins or even whole cells [78,79]. MiniSOG can also be
used to catalyze the polymerization of diaminobenzidine into an osmiophilic

reaction product to provide contrast for electron microscopy [79].
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The photosensitive proteins that contain LOV domains have also been
exploited as optogenetic actuators. As one example, a light-regulated DNA-
binding protein, EL222, was used to control gene expression [80]. In another
example, the FKFI1-GIGANTEA (GI) heterodimerization pair from
Arabidopsis thaliana was used for illumination-induced protein relocation [81].
Among all characterised LOV domains, the Avena sativa phototropin 1 LOV2
domain (AsLOV2) and a fungal circadian clock photoreceptor Vivid (VVD)
have been most extensively used as “building blocks” for engineering

optogenetic actuators.

1.3.1.1 AsLOV2

In AsLOV2, the photoreduction of its FMN chromophore destabilizes the
B-sheet, leading to partial unfolding of the C-terminal a-helix (Ja)) [72,82]. For
optogenetic tools using AsLOV2 as the photosensory domain, the interacting
moiety is typically genetically fused to the LOV domain such that the function
of the interacting moiety is inhibited by steric or allosteric constraint in the dark
state of the protein due Ja being in the stabilized state. Upon illumination, the
inhibition can be relieved by the light-driven unfolding of Ja.

As a prototypical example of this strategy, a photoactivatable small
GTPase Racl, PA-Racl (Figure 1.4a), was constructed by fusing AsLOV2 to
the N-terminus of Racl via an optimized peptide linkage [16]. When expressed
in living cells, PA-Rac1 could be activated precisely in space and time, enabling
researchers to investigate the roles of Racl in polarized cell movement.
Structural studies of the dark-state PA-Rac1 indicated that AsSLOV2 blocked the
binding of Racl with its effectors. Coupling a steric blocking effect from

AsLLOV?2 to POIs was believed to be a versatile route to control protein activities
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optically. However, up to now, photoactivatable GTPases remain the only
successes for this design strategy [16]. One other related design are the light-
inhibited neurotoxins (lumitoxins) (Figure 1.4b), which exploit steric
separation instead of hindrance [83]. Briefly, a lumitoxin is an ion channel-
specific peptide toxin fused to AsSLOV2 and tethered to the outer surface of cell
membrane. In the dark, the toxin peptide is able to block an adjacent voltage-
gated potassium channel that is expressed separately. Upon light-induced
unfolding of Ja, the increased distance between the toxins and the channels
reduces the possibility of blocking, and thus enables the channels to respond to

membrane depolarization.
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AsLOV2 has also been used for light-dependent control via allosteric
mechanisms. Examples of target POIs include Escherichia coli (E. coli)
dihydrofolate reductase (DHFR) [84], E. coli tryptophan repressor (TrpR) [85],
and viral potassium (K") channel (Kcv) [86]. For allosteric control, ASLOV?2 is
genetically coupled with a protein via fusion of the C-terminal truncated Jo and
a structurally important element of the POI. The fusion results in a hybrid C-
terminal a-helix which, when docked in the dark-state LOV domain, effectively
“cages” the element and thus disrupts the structure and function of the fused
protein. [llumination causes the hybrid helix to become unstructured and release
the “caged” element, leading to a restoration of protein function. As an example,
a blue-light induced K" channel (BLINK) (Figure 1.4¢) was engineered by
fusing LOV domain to Kcv at various regions which were known to be crucial
to the channel gating [86]. One insertion variant with a LOV domain fused at
the N-terminal slide helix (SH) of Kcv was found to be light controllable
through functional complementation screening in a potassium transport—
deficient yeast strain. Variants with truncated linkages between AsLOV2 and
Kcv were constructed by deleting amino acid residues from the C-terminus of
Jo and the N-terminus of SH, and were screened for lower dark currents. This
effort led to the discovery of a variant that exhibited the same light sensitivity,
but greatly reduced background activity in the dark.

Allosteric regulation by AsLOV2 has also been harnessed to control the
accessibility of small peptides to their effector proteins. These systems include,
but are not limited to, TULIPs (tunable and light-controlled interacting protein
tags) [87], LINuS (light-inducible nuclear localization signal) [88], and LEXY

(light-inducible nuclear export system) [89]. To build these systems, the
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functional peptide and Ja are typically incorporated by rational redesign of the
C-terminal tail of Ja, followed with screening for variants with low resting (dark
state) activity and high dynamic range. For example, to develop LINuS (Figure
1.4d), the tail of Jo was redesigned based on the consensus sequences of nuclear
localization signals (NLSs) and over 30 variants were screened by comparing
protein nuclear localization before and after light illumination in mammalian
cells [88]. The resulting LINuS variant could effectively induce light-dependent
relocation of its fused cargo protein to the nucleus.

A second class of LOV-mediated allosteric regulations involves the
introduction of extrinsic disorder resulting from the light-induced unfolding of
Ja. This approach is able to perturb the active protein conformation and thus
cause protein inhibition or altered protein function. This strategy was used to
engineer photoactivatable Ca?" releaser (PACR) [90], optical gearshifting
cytoskeletal motors (myosins and kinesins) [91], and photo-controllable
motility signaling proteins including kinases, GTPases, and guanine exchange
factors (GEFs) (Figure 1.4e) [92]. As an example, to create PACR, AsLOV2
was inserted between two EF-hands of a Ca** binding protein (CaM fused with
M13) [90]. In the dark, PACR bound to Ca** with high affinity, but in the
illuminated-state PACR exhibited an open conformation and bound Ca*" with a
tremendously increased dissociation constant (Kq). The photoexcitation and its
dark reverse enabled a reversible control of Ca®" level in genetically targeted
cells and subcellular compartments. Recently, Dagliyan et al. reported their
further efforts to explore the principle and methodology of this strategy [92].
They used computational methods to identify possible allosteric sites for LOV2

insertion, with the goal of creating a photo-inhibitable variant. They generalized
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this approach and engineered 7 signaling proteins that belong to 3 different
families. Furthermore, they demonstrated the potential of LOV2-insertion for
the photo-activation of POI by inhibiting the action of the autoinhibitory domain
(AID) of a protein.

In 2016, Wang et al. described a light-inducible protein dissociation
strategy named LOV?2 trap and release of protein, LOVTRAP (Figure 1.4f) [93].
To create LOVTRAP, they first screened an mRNA display library of the Z
subunits of protein A for selective binding to the dark-state ASLOV2. This effort
resulted in the identification of a synthetic protein, Zdark, which had a K4 =26.2
nM for the dark-state LOV2 and an >150-fold decreased affinity in response to
light-induced conformational change of LOV2. When co-expressed with LOV2
that was anchored away from the subcellular region where the POI acted, Zdark-
POI was trapped by LOVTRAP in the dark state. Upon blue-light illumination,
Zdark-POI dissociated from LOV2 and moved to its normal site of action. By
introducing mutations that were reported to tune LOV2 kinetics, the time
constant of LOVTRAP dark recovery could be varied from seconds to hundreds
of seconds, enabling precise control of signaling in different time frames.
LOVTRAP-mediated control of a group of signalling proteins including
GTPases Racl and RhoA and GEF Vav2, was demonstrated by the visualization
of light-induced cell-edge protrusion and retraction.

Despite the many successful examples of using AsLOV2 for the
development of optogenetic actuators, the AsLOV2-based photoswitches
generally suffer from leakiness (high background activity) and low dynamic
range. Protein nuclear magnetic resonance (NMR) spectroscopy data has

revealed that photoexcitation of AsLOV2 shifts the docked-undocked Ja ratio
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from 98.4:1.6 (dark state) to 9:91 (illuminated state) [94], indicating that ~2%
of the protein is in the undesirable active state in the dark. In attempts to address
the issue, mutations have been introduced into AsLOV?2 through rational design
and function-based screening [12,87,95]. To further minimize the leakiness in
dark, the sites and linkages of genetic fusion between functional group and Ja
were often carefully chosen and screened during tool development (as described
in the examples provided earlier in this section). However, the improvements
are generally limited and varied in different cases. As an result, AsSLOV2-based
optogenetic tools require substantial optimization and even in the best-case
scenarios, there will be residual activity in the dark state. In many cases this
background is acceptable, given the goals of a particular experiment. However,
for many types of experiments where it is critical to have negligible dark state

activity, AsLOV2-based tools may not be appropriate.

1.3.1.2 VVD

The fungal photoreceptor VVD uses FAD instead of FMN as a cofactor,
and undergoes a photocycle similar to that of the AsLOV2 upon blue-light
illumination. The photoreduction leads to partial disorder of the N-terminal
region, which causes VVD to homodimerize (Figure 1.5a) [96]. Wang et al.
built a light-switchable transgene system, LightOn, by replacing the
dimerization motif of Gal4-based synthetic transcriptional activator with VVD
[97]. The fusion protein was only able to bind to its consensus cognate DNA
sequence and initiate transcription upon light induced dimerization of VVD.
Recently, VVD has also been inserted into T7 RNA polymerase (RNAP) and
fused with one fragment of split T7 RNAP, to control its activity through

allosteric effects and steric hindrance, respectively [98]. These examples
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demonstrate the potential of VVD as an alternative to AsLOV?2 for allosteric
and steric regulation.

To extend the utility of VVD, Kawano et al. engineered pairs of VVD
photoswitches (Magnets) that only exhibited light-inducible heterodimerization
by rational redesign of the dimerization interface [99]. Each pair of Magnets
consists of one positive Magnet (pMag) and one negative Magnet (nMag), with
positively charged and negatively charged mutations, respectively (Figure
1.5b). Compared with natural VVD, Magnets are more suitable to control
heteromeric protein-protein interaction (PPI), as their light-induced
heterodimerization eliminates the possibility of forming noneffective
homodimers (Figure 1.5a,b). Moreover, the variants with improved
dimerization efficiency (MagHigh), fast switch-off kinetics (MagFast), or a
combination of both (pMagFast-nMagHigh), were characterized in live cells.
Magnets have enabled optogenetic control of a broad range of biological
processes including phosphatidylinositol 3-kinase (PI3K) signalling [99], G
protein activation [100], T7 RNAP-driven gene expression [98], CRISPR-Cas9
genome editing, and Cre-Lox recombination [101,102].

Regulating PPIs is a particularly important application for optogenetic
control, as proteins rarely act alone in biological system [103]. In addition to
the binding affinity which is determined by the complementarity between
protein structures, the local protein concentration is another parameter that
determines if a PPI will occur or not. Optical control of oligomerization states
can enable researchers to exert control over PPIs by increasing or reducing the
local protein concentration via light-induced relocation of fused POIs. As an

example, Magnets were applied to optically activate the o subunit of
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heterotrimeric Gq protein (Gaq) by fusing pMagFast with Gag, and tethering
nMagFast to plasma membrane via a C-term fused CAAX motif of K-Ras [100].
Upon blue-light illumination, the heterologously expressed pMagFast-Goq was
recruited to plasma membrane via light-induced pMagFast-nMagHigh
dimerization. The increased local concentration of Gagq triggers effective Gag-
PLC interaction, which activates PLC to produce inositol 1,4,5-trisphosphate

(IP3) and diacylglycerol (DAG), leading to the activation of downstream
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Figure 1.5. Schematic representations of VVD-based actuator design
strategies. (a) PPI mediated by VVD homodimerization. (b,c) PPI (b) and

protein-fragment complementation (¢) mediated by Magnet heterodimerization.

In addition to conventional protein complexes, optogenetic induction of a
PPI can also be used to bring together two engineered fragments of a protein.
This strategy, referred to as protein-fragment complementation, involves a
protein that has been genetically split into two non-functional parts. The protein
is reconstituted non-covalently when the two fragments are brought in close
enough proximity by the genetically fused partner proteins (Figure 1.5¢). This
approach has been widely applied to identify PPIs by using split protein
reporters that could produce PPI-dependent readouts (as described in section
1.6.5) [104]. When a pair of optogenetic dimerization proteins are fused with
the fragments of a split POI such that illumination results in restoration of the
POI activity, the bimolecular system becomes an optogenetic actuator.
Researchers have combined protein-fragment complementation strategy
with the Magnet system to engineer photoactivatable Cre recombinase (PA-Cre).
Cre recombinase is an enzyme that catalyzes site-specific recombination
between two DNA recognition sites (LoxP sites) to induce targeted gene
deletion, insertion, translocation, or inversion in cells [105]. The Cre—loxP
recombination system, as a genetic tool, has been extensively used in vitro and
in vivo, to study gene function in defined cell types [106]. To engineer PA-Cre,
a N-term fragment (CreN, residues 19-59) and a C-term fragment (CreC,
residues 60-343) of Cre recombinase were fused to the N-terminus of nMag
and the C-terminus of pMag, respectively [102]. The PA-Cre enabled precise

spatiotemporal control of Cre-mediated recombination events in cell cultures.
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Although the authors demonstrated activation of gene expression of luciferase
using PA-Cre in mice, it remains to be seen whether the PA-Cre, along with
chemically inducible and other light-inducible Cre—loxP systems [13,107—111],
will be of widespread utility in the context of interrogating endogenous gene
functions in vivo. The main concern is background recombinase activity, which
has been observed in all of these inducible Cre—loxP systems.

Similarly, the type II clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) system, known as
CRISPR-Cas9, has been engineered to be photoactivatable [101]. Cas9 is an
endonuclease that associates with two RNA molecules including CRISPR RNA
(crRNA) and trans-activating CRISPR RNA (tractrRNA), or one synthetic
single-guide RNA (sgRNA) which is a fusion of crRNA and tracrRNA. The
Cas9/RNA complex cuts a targeted DNA sequence that is complementary to
tractrRNA and is upstream of a protospacer-adjacent motif (PAM) [112]. When
Cas9 and sgRNAs are expressed in mammalian cells, the endonuclease activity
can be “programmed” to target any genome position that is adjacent to a PAM
sequence, via coding the nucleotide sequence of sgRNA [113,114]. The Cas9-
mediated DNA cleavage results in a double strand break that can be repaired by
non-homologous end joining (NHEJ) to induce random nucleotide insertions or
deletions, or homology-directed repair (HDR) to allow template-based genome
modification [115]. To engineer photoactivatable Cas9 (paCas9), Nihongaki et
al. first built a series of split Cas9 candidates with 18 distinct split sites at the
loop regions as revealed by the Cas9 crystal structure. This series of candidates
was screened for high differences in activity before and after chemically

induced dimerization. The most promising candidate Cas9 fragments were then
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genetically fused to pMag and nMagHigh [101] to create the paCas9 system.
Upon illumination, paCas9 reconstituted and performed sgRNA-guided
genome editing in mammalian cell cultures. Similar spilt Cas9 systems were
reported nearly simultaneously [116,117]. However, all of these systems appear
to have background activity of Cas9, mainly due to the inherent association
tendency between two split fragments. The background activity may limit their
utility for in vivo applications. One approach for overcoming this limitation
could be to use a protein complementation system including the nuclease-
deficient Cas9 (dCas9) and the -catalytic domain of FokI restriction

endonuclease [118], as they have no potential to associate.

1.3.2 Cryptochromes

Another flavoprotein that is commonly used for tool development is
Arabidopsis cryptochrome 2 (CRY2). In CRY2, the conformational changes
induced by the photoreduction of its FAD chromophore (Figure 1.6a) lead to
two coexistent protein interactions: binding with the cryptochrome-interacting
basic-helix-loop-helix protein (CIB1) and formation of a homo-oligomer

(clustering) (Figure 1.6b) [119-121].
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Figure 1.6. Cryptochrome 2. (a) The photochemistry of CRY2. (b) Schematic
representation of the light-induced CRY2-CIBI1 interaction and CRY2

clustering.

In 2010, Kennedy et al. demonstrated the utility of the light-induced
CRY2-CIBI1 interaction to control protein translocation, gene transcription, and
Cre recombinase-mediated DNA recombination in mammalian cells [122]. In
this work, the fragments of split Gal4 transcription factor and Cre recombinase
were coupled with CRY2 and CIB1 genetically to enable optogenetic
restoration of Gal4 and Cre protein activities (Figure 1.7a). Since then, the
CRY2-CIB1 has become one of the most widely used photoswitchable proteins
and has been adapted for manipulation of many different biological processes
via light-induced PPI. These processes include, but not limited to, RhoA
GTPase-mediated regulation of cellular forces and mechanotransduction [123];
activation of the Raf/MEK/ERK cascade [124]; Akt (protein kinase B) signaling
[125,126]; inhibition of G protein activation [127]; control of contractile forces
[128]; control of actin dynamics [129]; and control of organelle distribution
[130] (Figure 1.7b). In addition, CRY2-CIBI interaction has also been used to
optically target POIs to subcellular locations (Figure 1.7¢). For example,
endogenous transcription and epigenetic states were controlled optically using
CIB1-tagged transcription activator (VP16) and histone effectors. These
activator and effectors were targeted to chromosomes via site-specific genomic
anchors consisting of a CRY2 fused customizable DNA-binding domain
derived from transcription activator-like effectors (TALEs) [131]. Similar
systems have also been generated by using dCas9 and sgRNA as the genomic

anchors [132,133]. This strategy was also exploited to control phosphoinositide
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metabolism using the CRY2-fused catalytic subunits of inositol 5-phosphatase
and PI3K which were recruited to membrane-tethered CIB1 [126,134—136].
Similarly, this strategy has been used to optically load exosomes with CRY2-
fused POI via the targeted CIB1 for light-dependent intracellular protein
delivery [137]. Recently, Taslimi et al. engineered second-generation CRY?2-
CIB1 photodimerizers [13]. Through systematic testing of CRY2 and CIBI
truncations and the directed evolution of CRY?2, they identified new CRY2-CIB
variants with enhanced dynamic range, reduced dark interaction, and tuned

(longer or shorter) photocycles.
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Figure 1.7. Schematic representations of CRY2-based actuator design
strategies. (a,b,c) Protein-fragment complementation (a), PPI (b), and protein

subcellular recruitment (¢), mediated by CRY2-CIBI interaction. (d)
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Oligomerization-dependent protein activation mediated by CRY2 clustering.

The examples for each strategy are listed in the right column.

The light-induced clustering of CRY2 was first reported in 2000 [120].
Bugaj et al. demonstrated that optically induced clustering could be adapted to
control cell signalling in mammalian cells [138]. However, the clustering of
wild-type CRY2 is moderate. In 2014, Taslimi et al. discovered a CRY2 mutant
with enhanced clustering and used it to probe and control PPIs [139]. Though
the applications of light-induced homo-oligomerization have been relatively
limited compared with that of CRY2-CIB1 interaction (as explained in section
1.3.1.2), it is particularly suitable to control the function of proteins that
intrinsically participate in oligomerization-dependent processes (Figure 1.7d).
Some demonstrated examples include: RhoA and Rab GTPases [138,140];
receptor tyrosine kinases (RTKs) [141]; growth factor receptors (GFRs)
[134,142,143]; integrins [142]; scaffold protein [144]; the regulator protein of
Ca’®" release-activated Ca** (CRAC) channel, STIM1 [145]; Raf kinase [146],
and the intrinsically disordered protein regions of RNA/protein (RNP) body
proteins which can modulate intracellular phase transitions [147].

To further improve protein clustering, Taslimi et al. also combined light-
induced CRY2-CIB1 interaction and CRY2 oligomerization by fusing CRY?2
and CIB1 to a POI and a multimeric protein domain of CaMKII (MP),
respectively (Figure 1.8) [139]. Upon illumination, the interaction between the
POI and its partner (tagged with a fluorescence protein), could be visualized via
the formation of the fluorescent clusters in live cells. The same strategy has also
been used to develop a versatile approach for reversibly inactivating proteins

[148]. CRY2-POI, coexpressed with CIB1-MP, is functional in the dark, but

28



upon blue-light illumination, the CRY2-POI becomes trapped in the light-

triggered protein complexes and isolated from its effectors, leading to the

CRY2 tagged POI CIB1-MP oligomer

- 0

spatiotemporal reduction of the protein activity (Figure 1.8).

. k:
é%g%

Figure 1.8. Schematic representation of improved protein clustering

mediated by CRY2 and CIB1-MP oligomer.

1.3.3 BLUF domain

In addition to the commonly used photosensory domains discussed in the
preceding sections (AsLOV2, VVD and CRY2), other photosensitive
flavoproteins, including the blue light sensor using FAD (BLUF) domain, have
been used to control cells optogenetically. In terms of structure, a BLUF domain
simply consists of an FAD chromophore, an FAD-binding pocket formed by
two o-helices, a [p-sheet, and a variable C-terminal o-helix [149].
Photoreduction of the flavin results in a rearrangement of its hydrogen bonds
with residues projecting from the B-sheet (Figure 1.9) [150,151]. This
rearrangement induces a conformational change in the BLUF domain that
propagates through the [B-sheet or C-terminal o-helix and allosterically

modulates the structure of the fused responsive domain [152]. The
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photoexcitation is thermally reversible within seconds to minutes in the dark
[153]. The BLUF domain was first identified in transcriptional antirepressor
AppA. It was later found to be the photosensory moiety of a variety of proteins
including photoactivated adenylyl cyclases (PACs), phosphodiesterase, and
other signaling proteins [154]. Among these, Euglena gracilis PAC (euPACa)
and bacterium Beggiatoa PAC (bPAC) have been adapted to manipulate of
cellular cyclic adenosine monophosphate (cAMP) level in various cell types and
behaving animals [155-159]. Moreover, the bPAC was converted into a
guanylyl cyclase by the introduction of rationally designed mutations. The
resulting variant exhibited a reduced dynamic range for photoactivation, but a
10:1 selectivity for cGMP production over cAMP production [160]. This system
has been expressed in rats and used for inducing increases in intracellular cGMP
concentration optogenetically [161]. While there have been a number of
impressive applications of BLUF domains, overall, their optogenetic
applications remain limited. Most of the optogenetic applications of BLUF
domains have used naturally occurring transducer/enzyme combinations and
there have been few efforts to engineer the system to create non-natural

optogenetic tools.
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Figure 1.9. The photocycle of BLUF domains.
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14 UVRS

Unlike visible light (wavelength ~390 — 700 nm) that is typically harmless
or even beneficial to the growth of species, the high-energy UV (wavelength
~10 — 390 nm) component of sunlight can potentially damage key biomolecules
such as proteins, lipids, and DNA, to the detriment of normal cellular processes.
Fortunately, exposure to sunlight rarely causes UV-induced damage to animals
such as ourselves, because most highly damaging UV wavelengths (< 295 nm)
are absorbed by the ozone (O3) layer. Species that live on sunlight, like plants,
have also evolved efficient defenses against other damaging UV wavelengths
known as UV-B (wavelength ~280 — 320 nm) [162]. In plants, the UV-B
perception and response pathway involves UV-B receptor protein UVR8 (UV-
B resistance 8), E3 ubiquitin ligase COP1 (constitutive photomorphogenesis 1),
and transcription factor HY 5 (elongated hypocotyl 5) [163]. Structurally, UVRS8
contains 7 blade-shaped B-sheets and exists as a homodimer in the absence of
UV-B [164]. Upon low-level UV-B illumination, UVR8 monomerizes and
interacts with COP1 (Figure 1.10), leading to silencing of its E3 ubiquitin ligase
activity against HYS5. The elevated HYS5 level will, in turn, induce the
expression of several UV-B responsive genes [163]. Light-induced
monomerization is reversible on a timescale of hours in plant, and irreversible
in non-plant cells [165]. Unlike other known photosensitive proteins that use a
bound or post-translationally formed chromophore, the chromophore of UVRS
is its intrinsic tryptophan residues. Tryptophan absorbs UV-B light and transfers
the excited electrons to adjacent arginine residues, leading to dimer dissociation

via the disruption of hydrogen-bonded salt bridges between the arginine
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residues and acidic amino acid residues (Asp and Glu) across the dimer interface

@

Homodimer Monomer Heterodimer

[164,166].

UV-B

—

Dark

Figure 1.10. Schematic representation of UVR8 monomerization and

interaction with COP1 in response to UV-B illumination.

Inspired by mechanistic studies of UV-B perception, Crefcoeur et al.
utilized light-induced UVR8-COP1 heterodimerization to activate protein
translocation and gene transcription [167]. Despite the phototoxicity of UV-B,
which was present even at low illumination levels, UV-B remains an attractive
element for optogenetic tool development. Notably, its excitation wavelength is
spectrally orthogonal to those of most other photosensitive proteins, possibly
enabling multicolour optogenetics. For example, Muller et al. used UVRS in
combination with VVD and Phytochrome B (PhyB) to control the expression
of three genes with three colours of light (UV-B, blue, and red) in mammalian
cells [168]. Moreover, the photoinduced dissociation of the UVR8 homodimer
has been applied to engineer light-triggered protein secretion system in neurons,
by fusing protein cargo to tandemly linked UVRS8 domains [169]. The fusion
proteins formed clusters via intermolecular cross-dimerization, and were
retained in the endoplasmic reticulum. Upon UV-B illumination, the clusters

dissociated and trafficked through the secretory pathway to cell membrane.

1.5 Photoactive yellow protein
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Photoactive yellow proteins (PYPs) are bacterial photoreceptor domains
[170]. Like LOV domains, they belong to the PAS domain family and consist
of a 6-stranded PB-sheet packed by six a-helices [171]. PYP senses light with a
trans-p-coumaric acid (pCA) chromophore, which is covalently attached to the
protein via a thioester bond to a Cys side chain. Blue light triggers the trans-to-
cis isomerization of pCA (Figure 1.11), leading to partial unfolding of the N-
terminal a-helices and the exposure of a hydrophobic surface [172—174]. The
lifetime of the bright state can range from 1 ms to 1 h [175,176]. PYPs have
been engineered to serve as components of optogenetic actuators, including
photo-switchable DNA-binding proteins [177-179], and a photo-inhibitable
dominant negative (DN) inhibitor for CREB [180]. These actuators were
constructed by creating a hybrid between the N-terminal region of PYP and the
C-terminal region of the POI. The hybrid regions of PYP and POI were either
destabilized or un-masked allosterically by the PYP core in response to blue
light. Accordingly, light-induced inhibition and activation have both been
accomplished by using PYP. Though PYP-mediated allosteric control has not
been intensively exploited, variants with millisecond photocycles [181-183] are
particular attractive candidates for high-frequency regulation which cannot be

accomplished with photosensitive domains other than microbial opsins.
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Figure 1.11. The photochemistry of PYP domains.

1.6 Fluorescent proteins

1.6.1 Green fluorescent protein

In 1962, Osamu Shimomura discovered a green fluorescent protein (GFP)
in the purified bioluminescent extract of Aequorea victoria jellyfish [184]. Its
spectral properties were later characterized [185] and the structure of the
conjugated system of the light emitting chromophore determined by Shimomura
[186]. The complete chromophore structure was revised and corrected after the
complete GFP sequence was determined [187]. In 1992, Prasher et al. cloned
the GFP gene and determined that the protein is a 238 amino acid polypeptide
of molecular weight (MW) ~27 kDa [188]. The chromophore is covalently
bound and forms from a tripeptide (serine-65-tryrosine-66-glycine-67) in the
native protein. The precise mechanism of chromophore maturation remains
controversial [189—193]. Figure 1.12 shows the generally accepted mechanism:
(1) pre-folding into a nearly native conformation, (2) cyclization, (3) oxidation,

and (4) dehydration [193]. This process is completely self-sufficient.
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Figure 1.12. Mechanism of GFP chromophore formation.

In 1992, Martin Chalfie et al. used GFP as a marker for gene expression in
selectively targeted worm cells [194]. In 1994, Roger Tsien and coworkers
experimentally demonstrated that the polypeptide chain of GFP inherently
contains all the requirements to form the chromophore, provided that molecular
oxygen is present [195]. This property distinguishes GFP from most other
protein photoreceptors that incorporate a chromophore present in the cellular
environment. This feature enables the robust heterologous expression of GFP
as biotechnological tags and probes in almost all subcellular organelles, tissues,
and organisms. The only exception are some rare low-oxygen or anaerobic
conditions, such as in the solid tumor tissues and biofilm-forming microbes
[196,197]. Fluorescent reporters that can be used in the absence of oxygen
have been developed using LOV domains (as described in section 1.3.1).

The wild-type Aequorea Victoria GFP (avGFP) quickly became a very
popular biomolecular reagent for fluorescence microscopy. However, initially
it was only available as a single-colour (green), and had relatively low
brightness, poor photo-stability, slow maturation at 37 °C, and a double-peaked
excitation spectra [185,198,199]. Over the years, many different mutants of

GFP have been engineered through rational design and, more predominantly,
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directed evolution. Some of the key mutants include GFP (S65T) with increased
brightness and photo-stability, and a single-peaked excitation spectrum [198];
and enhanced GFP (EGFP) containing F64L point mutation which speeds up
protein folding at 37 °C [200]. Protein engineering efforts have greatly
expanded the applications of GFP. One of the most important is to study
localization and quantity of POIs in live cells, which is achieved by simple
genetic fusion of the gene encoding GFP and the gene encoding the POI to

create a chimeric protein product.

1.6.2 Colour variants

With only one colour of FP, i.e., avGFP, multiple biological events could
not be visualized simultaneously in live cells. Fortunately, the initial efforts to
engineer avGFP in the lab of Roger Tsien also resulted in blue, cyan and yellow
colour variants, named as BFP, CFP, and YFP, respectively [195,201,202]. To
create BFP and CFP, the GFP chromophore-forming tyrosine was replaced with
a histidine and tryptophan, respectively. The resulting chromophores had less
extended conjugation and higher energy than the ionized tyrosine-derived
chromophore, leading to blue-shifted spectra [201]. For YFP, the red-shifted
spectrum resulted from introduction of a tyrosine residue that stacks with the
chromophore through a n-m interaction, and thereby decreases the energy of the
excited state [202]. This small palette of colour variants allowed multicolour
imaging, and the detection of biological processes by Forster resonance energy
transfer (FRET) between FPs with two different colours (as described in section
1.6.5).

Further expansion of the palette of the genetically encoded fluorophores

occurred with the discovery of homologues of GFP in corals. These coral-
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derived FPs exhibit hues ranging from cyan to red [203]. The structures of coral
FPs are similar to that of avGFP, sharing the characteristic 11-stranded B-barrel
with a central helix that contains the chromophore (Figure 1.13a) [202,204].
However, the coral FPs generally form obligate tetramers [203], unlike avGFP
which is only weakly dimeric with an estimated Kq of ~100 uM [205]. As the
tetrameric structure may perturb the function of the fused proteins [206,207],
the wild-type coral FPs were not generally useful as fluorescent tags. To
overcome this limitation, a general FP-monomerization strategy was developed
in the lab of Roger Tsien [208]. It includes two key steps: (1) rationally designed
point mutations to break the interfaces for oligomerization; and (2) directed
evolution to rescue the original fluorescent properties. This strategy was first
applied to convert the tetrameric Discosoma red FP (RFP) [209] to a monomeric
RFP known as mRFP1 [208]. Since then, many oligomeric GFP-homologues
have been monomerized to expand the scope of optogenetic reporters [210-212].

Figure 1.13b shows chromophore structures for some of the FP colour variants.
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Figure 1.13. GFP-like fluorescent proteins. (a) Three-dimensional structure
of'a FP monomer. Shown is a rendering of the avGFP structure (PDB ID 1EMA

[202]). (b) Chromophores of various FP colour variants.

1.6.3 Phototransformable FPs

In addition to photon emission (fluorescence), photoexcitation of GFP-like
proteins can also trigger chemical reactions at the chromophore, leading to
changes in the optical properties. This phenomenon is called
phototransformation and FPs that undergo pronounced phototransformation are
generally referred to as phototransformable FPs [213]. Based on the different
outcomes of phototransformation, phototransformable FPs can be subdivided
into three main classes: photoactivatable FPs, photoconvertible FPs, and
photoswitchable FPs. Figure 1.14 shows example photochemical mechanisms
for the three classes: (1) photoactivation is the result of chromophore conversion
from a neutral to anionic state, induced by the decarboxylation of a Glu residue
adjacent to the chromophore [214,215]; (2) photoconversion refers to a green-
to-red spectra shift caused by the extension of chromophore conjugation system
involving a breakage of the polypeptide backbone [216,217]; and (3)
photoswitching is a process of reversible photo-induced cis-trans isomerization
of the chromophore [218,219]. In contrast to conventional FPs which, ideally,
exhibit constant and unchanging fluorescence during imaging,
phototransformable FPs change their fluorescence intensity or wavelength upon
illumination. The change of fluorescent properties enables the tracking of
objects with enhanced temporal-special resolution [220-223]. One of the high-
profile applications of phototransformable FPs is in super-resolution imaging

with photoactivated localization microscopy (PALM) [223,224].
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Figure 1.14. Representative photochemistry of phototransformable FPs. (a)

Photoactivation. (b) Green-to-red photoconversion. (b) Photoswitching.

1.6.4 FP-based actuators

The photochemistry occurring at the chromophore of a
phototransformable FP is usually assisted by the surrounding amino acid
residues. Likewise, changes in the chromophore structure or conformation can
induce conformational rearrangements of the chromophore pocket [219,225—
227]. For example, the chromophore cis-frans isomerization of the
photoswitchable FP Dronpa destabilizes several of the B-strands and causes
partial unfolding of the protein barrel [227]. In 2012, Zhou et al. reported that
this light-induced conformational change could effectively convert Dronpa
(K154N) from a tetramer to a monomer with the K4 changing from 9.9 uM
to >100 uM [228]. A dimeric version of Dronpa has also been developed
[228,229]. The low affinity of Dronpa variants hinders their use in LOVTRAP-
like applications (as described in section 1.3.1.1). However, they are suitable
for “intramolecular oligomerization”-based applications, which involve fusing

two copies of Dronpa with the POL. In this situation, the protein activity can be
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caged by steric hindrance due to association of the two Dronpa monomers.
[llumination causes an increase in Kq4, leading to dissociation of the Dronpa
monomers and an increase in POI activity (Figure 1.15). This strategy has been
applied to POIs including the Cdc42 GEF intersectin, HCV protease and kinases
Rafl, MEK1, MEK2, and CDKS5 [228,229]. Prior to the work described in
Chapter 2, no other class of phototransformable FPs had been exploited to build

optogenetic actuators.

Dimeric Dronpa
Non-fluorescent Dronpa

Caged protein Active protein

Figure 1.15. Schematic representation of Dronpa-based actuator design

strategy.

1.6.5 FP-based indicators

The engineering of FPs has enabled non-invasive, real-time imaging of
subcellular protein localization to become a routine experiment in biological
research. To shine light on a wider range of biological processes, such as PPIs,
analyte fluctuation, and enzymatic activity, researchers have engineered FP-
based indicators that can change their fluorescence profiles in response to
biochemical stimuli. Though some avGFP mutants are inherently sensitive to
H" and CI ions [15,230-232], FPs are generally inert to analytes encountered
in the cellular environment. Several strategies have now been developed to
transduce cellular dynamics into fluorescence changes. These strategies fall into

three classes: bimolecular fluorescence complementation (BiFC); Forster
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resonance energy transfer (FRET); and allosteric modulation of the FP
chromophore environment.

Protein-fragment complementation has often been utilized to manipulate
protein activity (as described in section 1.3.1.2). It is also a useful strategy to
engineer biosensors, when the proximity-induced reconstitution of a split
protein can produce a read-out. Some of the reporter proteins that have been
successfully split and reconstituted include: antibiotic-resistant proteins
[233,234]; chromogenic or fluorogenic enzymes [234-236]; luciferases [237—
240]; and transcription factors [241]. Split avGFP variants were first reported
in 2000 [242] and were later used to report PPIs in live cells. To report PPIs,
the non-fluorescent N- and C-terminal FP fragments are fused to candidate POIs
that are suspected to interact (Figure 1.16a) [243-245]. The FP-based protein
complementation is also known as bimolecular fluorescence complementation
(BiFC) [243], which has been applied to FPs with different hues ranging from
blue to far red [246-250]. Disadvantages of the BiFC approach are the slow
kinetics of chromophore formation and the irreversibility of the FP
reconstruction [243]. To overcome the limitations, Alford et al. developed
dimerization-dependent FPs (ddFPs) as a fast and fully reversible alternative.
(Figure 1.16b) [251-253]. Instead of structurally splitting one FP, Alford et al.
engineered a palette of FP pairs. Each pair consists of one FP (ddFP-A) that is
dimly fluorescent in its monomeric state, but becomes significantly brighter
upon binding with the other FP copy (ddFP-B) that is not fluorescent.

FRET is nonradiative energy transfer from one chromophore (donor) to
another (acceptor) via dipole—dipole coupling which requires the donor

emission and the acceptor absorbance to overlap in terms of wavelength. When
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the parameters of donor quantum yield, acceptor extinction coefficient, and
spectra overlap are fixed, the FRET efficiency is only dependent on the distance
and relative orientation between donor and acceptor [254]. For most FP-based
FRET pairs, their FRET efficiency is most sensitive at donor to acceptor
distances between 3 nm and 9 nm (Figure 1.16¢) [254,255]. Accordingly,
fusing FP FRET pairs with a POI or POIs can enable fluorescent indication of
a wide variety of biological events that occur on the length scale. For example,
FRET can be used to investigate protein conformational changes (when donor
and acceptor are both fused to one POI), and PPIs or relative protein proximity
(when donor and acceptor are fused to two different POIs). FRET is a highly
versatile strategy for engineering of biosensors [256].

The third strategy for engineering FP-based biosensors is to engineer
allosteric control of FP fluorescence properties. For this strategy, protein
domains that can change their conformation or oligomerization state in response
to biological stimuli, are fused with FPs at sites that are structurally adjacent to
the chromophore. Since the N- and C-termini of FPs are far from the
chromophores (which is buried near the center of the B-barrel [202,204]),
simply fusing the interacting protein to one of the termini typically does not
produce the desired allosteric control of fluorescence. Rather, interacting
proteins can be inserted into the B-barrel or linked to the termini of a circularly
permutated FP (cpFP), in which the original N- and C-termini are joined by a
peptide linker and new termini have been introduced close to the chromophore
(Figure 1.16d) [257-259]. Examples include, but not limited to: Ca®" indicators,
including GCaMPs, PeriCaMs and GECOs [17,258,260,261]; voltage

indicators, ASAP and FlicR [251,262]; adenosine triphosphate (ATP) -
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adenosine diphosphate (ADP) indicator Perceval [263,264]; and glutamate

indicator GluSnFR [265].

Split FP %
fragments

Reconstituted FP
Interacting
protein domains
Dim
ddFP-A
DdFP-B
Fluorescenc:e \ FRET

Bright ddFP-A
@ @ I

3 nm < Distance <9 nm

Interacting
protein domains

|

|

Wl

d Original ~ Original .
N- term“’]us Ctermmus ’(Llnker

Figure 1.16. Schematic representations of FP-based indicator design
strategies. (a) BiFC. (b) DAFP. (¢) FRET. (d) Allosteric effect. The example
shown is G-GECO.

1.7 Phytochromes

The phytochromes are a family of red/far-red light-sensing proteins first
discovered in plants and later in cyanobacteria, bacteria, and fungi [266]. The

phytochromes covalently bind a linear tetrapyrrole bilin as the chromophore.
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These bilin have an extensive conjugation system and phytochromes therefore
have the most red-shifted excitation wavelength among all the known
photoreceptor proteins. Figure 1.17a shows the excitation wavelength ranges
of photoreceptor proteins described in this chapter. Non-invasive in vivo
optogenetic control and imaging (with tissue depth ranging from ~0.1 to 1 cm)
requires the use of light within the “NIR optical window” (wavelength ~650 —
900 nm). Light in this region exhibits lower scattering and phototoxicity than
visible light, as well as minimal absorption by hemoglobin, melanin, and water
within mammalian tissue [267]. As the phytochromes can absorb light with
wavelengths ranging from 620 to 800 nm [268], they are attractive templates

for the development of optogenetic tools including actuators and indicators.

1.7.1 Phytochrome-based actuators

As naturally photosensitive proteins, the phytochromes typically consists
of a C-terminal module with a biological function, and a N-terminal
photosensory module which contains the bilin chromophore. Upon illumination,
the bilin undergoes reversible photoisomerization (Figure 1.17b) and induces
protein conformational changes that allosterically change the biological
function of the C-terminal module [269,270]. The activation and deactivation
of phytochromes can be driven bidirectionally with light. Cyanobacterial and
plant phytochrome-based photoswitches have been used to control biological
processes heterologously [271-274]. A representative example is the
Phytochrome B (PhyB) -Phytochrome Interaction Factor (PIF) heterodimer
which can be fast turned on and off by red and far-red light, respectively (Figure
1.17¢) [272]. The PhyB-PIF interaction has been adapted to regulate protein

location and PPIs in cells. Some examples include: light-switchable gene
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expression [275-277]; protein splicing [278]; cell protrusion [272]; protein
translocation [279-281]; organelle targeting [282]; actin assembly [283]; and
signal-cascade activation [284,285]. One limitation of this system is the
requirement for exogenous phytochromobilin (P®B) or phycocyanobilin (PCB)
chromophores that are not available in mammalian cells and, when added,

cannot diffuse deep into tissues [286].
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Figure 1.17. Phytochromes. (a) The effective excitation wavelength ranges of
common photoreceptor proteins and the NIR optical window. (b) The
photochemistry of PhyB from Arabidopsis thaliana. (¢) Schematic
representation of the reversible interaction between PhyB (including the C-

terminal tandem PAS repeat which dimerizes the protein) and PIF [272].

1.7.2 Bacterial phytochromes
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In contrast to the plant-derived phytochromes, the bacterial phytochromes
are able to use the endogenous biliverdin (BV) as their chromophore. This bilin
is ubiquitously present in mammalian cells [287] and the bacterial
phytochromes are therefore more feasible for optogenetic applications in rodent
models. In 2009, Shu et al. first demonstrated the potential of bacterial
phytochromes for cell imaging by developing a photosensory module that had
been evolved for bright fluorescence [288]. Since then, many fluorescent
variants of bacterial phytochromes have been developed. These variants include
ones with improved BV binding, altered fluorescence hues, photoactivation,
and even the capability to sense biological events [289-291]. More details will
be presented in section 3.1. Recently, a bacterial phytochrome-based
photoswitch (BphP1-PpsR2 heterodimerization) for optogenetic regulation has
been reported [292-294]. Encouragingly, in vivo application in intact mice was
demonstrated [293]. One limitation of this photoswitch was the relatively low

contrast (7-fold) [293], which suggests there is room for further improvement.

1.8 The scope of the thesis

Despite the enormous diversity of photosensory proteins currently
available, optogenetic tools with new photosensory mechanism and favourable
optical properties are required to further fuel the growth of this rapidly growing
field. In this thesis, we present our work in developing a series of optogenetic
actuators using a photocleavable FP variant, and our efforts to engineer a NIR
fluorescent pH indicator derived from a bacterial phytochrome.

In Chapter 2, we describe our efforts to engineer a photocleavable protein

(PhoCl) from a photoconvertible FP. The photocleavage of PhoCl was
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thoroughly characterized in vitro using spectroscopy, mass spectrometry (MS)
and gel filtration chromatography (GFC). We further demonstrated the utility
of PhoCl as a photosensory domain to build optogenetics actuators that are
functional in live cells. PhoCl was used to cage the activity of a POI by joining
it with a subcellular localization tag or a genetically encoded inhibitor. The
photocleavage could release the caging. This strategy was successfully applied
to Gal4 transcription factor, Cre recombinase, and HCV protease. We also
explored the usage of the light-activatable HCV protease to control a large pore
ion channel, Panx1.

In Chapter 3, we focus on the development of a NIR fluorescent pH
indicator, pH-mIFP. A pH insensitive monomeric NIR FP, mIFP, was converted
to be pH sensitive by introducing point mutations around the BV chromophore.
We also developed a bacterial colony-based high-throughput screening methods
to evolve the initial pH-sensitive variant for improved brightness and pH
sensitivity. The pH dependence of pH-mIFP was further characterized in vitro
and on the surface of mammalian cells.

In Chapter 4, we provide a summary of this thesis and a brief discussion
on the future directions regarding the development of PhoCl technology and

pH-mIFP.

47



Chapter 2: Optogenetic control with a photocleavable
protein, PhoCl

2.1 Introduction

Optogenetics is a burgeoning class of experimental techniques in which
genetically encoded proteins, which change their activity upon absorption of
light, are used for the spatial and temporal control of cell physiology [5]. The
current repertoire of optogenetic tools can be subdivided into three categories:
light-activated channels, pumps, GPCRs and enzymes, based on opsins (as
described in section 1.2) [28,32,63]; proteins subject to light-dependent steric
or allosteric control (as described in section 1.3.1.1, 1.3.3 and 1.5) [16,155]; and
proteins that undergo light-dependent changes in oligomeric interactions (as
described in section 1.3.1.2, 1.3.2, 1.4, 1.6.4 and 1.7) [87,122,228]. Despite the
tremendous progress in development and application of these tools, the scope
of physiological processes that can be optogenetically controlled remains
limited.

Among photoreceptor proteins, FPs have some beneficial properties for
optogenetics, such as strong fluorescence, robust heterologous expression,
small and compact protein structure, and self-sufficient chromophore
maturation [6,7]. However, FPs have been used predominantly as optogenetic
reporters rather than actuators, due to the rigid B-barrel of FP that rarely
undergoes pronounced conformational change in response to light. The only
reported exception is the photoswitchable FP Dronpa, which changes its
oligomerization tendency light-dependently and has been exploited to control

protein activities [228,229].
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To expand the scope of photosensory mechanisms and the usage of FPs,
we introduce a fourth category of optogenetic actuator that is enabled by a
photocleavable protein engineered from the green-to-red photoconvertible FP,
mMaple [295]. The photoconversion reaction is a violet light (~400 nm)
induced B-elimination reaction that extends the conjugated system of the
chromophore with concomitant cleavage of the polypeptide backbone to form a
~66-residue N-terminal fragment and a ~166-residue C-terminal fragment that
remain associated [216,217]. (Figure 2.1a). The extension of the conjugated
system shifts the absorbance spectrum of mMaple to a longer wavelength region.

(Figure 2.1b).

Normalized absorbance

350 450 550
Wavelength (nm)

Figure 2.1. Photoconversion of mMaple. (a) mMaple photoconversion
mechanism. Excitation of the protonated chromophore (~380 nm) leads to
photoconversion and backbone cleavage. (b) Normalized absorbance spectra

for mMaple before (green) and after (magenta) partial photoconversion.

Recognizing that mMaple [295], and its immediate progenitor mTFP1
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[296], are highly tolerant of circular permutation [297,298], we envisioned
engineering a topological variant of mMaple in which photoconversion would
produce a small peptide fragment and a large “empty barrel” fragment that
would spontaneously dissociate (Figure 2.2). As the chromophore is near the
middle of a helical segment that runs through the middle of the protein, the
positions that are closest to the chromophore and most likely to tolerate the
introduction of new termini, are at either end of this segment [299]. We
expected that the photocleavable variant could be used to manipulate protein
localization or activity by using it as a protein linker to join a POI with a
subcellular localization tag, or with a proteinaceous inhibitor. Upon
illumination, the POl is released from the subcellular localization or its inhibitor,

and is free to act.

Spontaneous ! i + SR
dissociation i [ o
)

{'
\

Figure 2.2. Schematic representation of the envisioned photocleavage.

2.2 Results and discussion

2.2.1 Circular permutation and directed evolution

To bring this design to fruition, we constructed six gene libraries (with 400
variants each) encoding circularly permutated mMaple variants with the
original termini joined with a 5-residue linker, new termini either just before, or

just after, the central segment, and randomized terminal residues. As shown in
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Figure 2.3a,b, to construct these libraries, the gene encoding mMaple was
circularly permuted at six surface exposed positions either N- or C-terminal to
the central helix. For each permutation, the library was constructed by
randomizing both the N-terminal residue (X) and the C-terminal residue (Y) to
all 20 amino acid possibilities, to give a total of 400 possible variants. For
circularly permuted variants, the residues are numbered as in mMaple (Figure
2.5) and the C-terminal residue (Y) is the residue that precede the N-terminal
residue (X) in mMaple. For all locations, cleavage would produce one fragment

of ~10-residues and one fragment of ~220-residues (Figure 2.3b)

a Ng,-X GGSGG Y-Com © 405 nm
N-terminal side of C-terminal side of LED chamber
central helix central helix
X (N-terminal residue #) 54 55 56 77 78 79 ’\
Y (C-terminal residue #) 53 54 55 76 77 78

Permutation sites on N-
terminal side of central helix

ﬁ
linker \ \.'
Spontaneous

dissociation

)
=

Photoconversion @

Loss of green fluorescence
Loss of red fluorescence

7/
Permutation sites on N-
terminal side of central helix

Figure 2.3. Strategy for design and screening of PhoCl variants. (a)
Schematic of circular permutation libraries. (b) The two-dimensional topology
representation of PhoCl (based on the structure of mTFP1 (PDB ID 2HQK)
[296]), the permutation site is on the C-terminal side of the central helix. The
yellow dashed line represents the GGSGG linker connecting the original N- and
C-termini. Residues 53-56 are indicated in magenta. (¢) Schematic of colony-

based screening of libraries of PhoCl variants.
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Using custom-built imaging and photoconversion systems [300], libraries
were screened in colonies of E. coli (each expressing a library variant). As
shown in Figure 2.3c, Petri dishes containing hundreds of colonies were imaged
(for both green and red fluorescence), illuminated in a 405-nm light-emitting
diode (LED) chamber at 0.15 mW/mm? imaged immediately after being
removed from the chamber, and then imaged again after 10 min at room
temperature. Expecting that the dissociation would result in the quenching of
red fluorescence, we sought to identify variants that exhibited violet light-
dependent green-to-red photoconversion followed by a rapid loss of red

fluorescence in the dark.

b mMaple

Circular permutation
at 78/79; E78R, D79V

PhoCl0.1

| Medr, 115N
PhoCI0.2

| F178v
PhoCI0.3

| s1726
PhoCI0.4

| Et16G, via6a
PhoCI0.5

| vis3e
PhoCI0.6

| Atsep
PhoCl

——
2. Spontaneous

dissociation

Figure 2.4. Representation of PhoCl structure and lineage of improved
variants. (a) Structural representation of PhoCl dissociation modeled on the
structure of mTFP1 (PDB ID 2HQK [296]). The small and large fragments are
coloured magenta and green, respectively. (b) Lineage of improved PhoCl
variants discovered during iterative cycles of library screening. (¢) PhoCl
mutations (orange) modeled on the structure of mTFP1 (PDB ID 2HQK [296]).

Small and large fragments resulting from photocleavage are coloured magenta

52



and green, respectively. M6dT is not visible in the mTFP1 crystal structure and

is therefore not represented here.

This approach led to a first generation photocleavable protein, designated
PhoCl0.1, which lost red fluorescence with a half-life (z12) of ~900 s, and had
N-terminal residue Asp79Val and C-terminal residue Glu78Arg (Figure 2.3b
and 2.4a,b). As photocleavage occurred on the N-terminal side of the
chromophore, and the permutation site was on the C-terminal side of the
chromophore, the small peptide that dissociated from the larger fragment
contained the chromophore and the fluorescence of the chromophore was

quenched outside of the B-barrel (Figure 2.4a). The permutations at residues

53-56 led to photoconvertible proteins that did not spontaneously dissociate.

53



45

a2 o

3131 33 34 35 3 I 38 38 40 4

10 11 12 13 14 15 36 17 13 15 20 2 2 2 M B 2% 1 I 19 0

MV SKGEET

mMaple

-
wow

wow

G
G

x

MV S KGETET

PhaCl

lsnuuso5152535‘sﬁscs?sls:ws:azasscﬁsrﬁ‘ﬂssssmnn?]ursm?’r?s

EEEEEEL
grpreee
zzzzzzz
EEEEEEE
$E3323
YERYLLY
LRCNCRCRURCR )
[CRURCHCRUNURC)
[CRCRCHCRURUNC)
w P
coccaaocaan
> > > > > > > >
N R R VRV
i
W w o owwow
>>>>>>>>
caa oo e
zzzzzzzz
[YS VR VR VR TR TV
E A
-
el el S S
P
ncocococoooo
O
EE R R
[P P T PR R
cocaaanaa
P T e g
cocaaaaa
<CC T T I
[CHUNCRURURURUNG)
W W W W w W w
N R R V]
>>>>>>5>>
W W w W owww
T T
N-N-N-N-N-N-N-
Bt ol ng
£58838¢882
Z2ocop00b0Da
ELZEEEEE

85 8 87 £8 83 90 91 92 853 84 95 96 97 98 99 100 101 102 103 102 105 106 107 108 109 110 111 112 113 114 115 116 117 118 115 130 121 122 123 124 125 126 127 128 129 130 131 112 133

HFKGTNFPPN
HFKGTNFPPN
HFKGTNFPPN
HFKGTNFPPN
HFKGTNFPPN

KQSFPEGY SWERSMTYEDGSG

PhoCl

151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 165 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182

134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150

GPVMQKRTVGWEVSTEKMYVRDGVLKGDVKMEKLLLEKGGSHYRCDFRTTY

mMaple

GPVMQKRTVGWEVSTEKMYVRDGVLKGDVKMEKTLLLEKGGSHYRCDFRTTY

GPVMQKRTVGWEVSTEKMYVRDGVLKGDVKMKLLLEKGGSHYRCDFRTTY

GPVMQKRTVGWEVSTEKMYVRDGVLKGDVKMEKLLLEKGGSHYRCDRERTTY

LLLKGG

TEKMYVRDGVLKGDVIKMEK

RTTY

G

TEKMYVRDGVLKGDVKMKTLLLEKG GG

TEKMY

GPVMQKRTVGW

PhoCl

192 193 194 195 196 197 198 199 200 201 202 203 Z04 205 206 207 08 209 210 211 212 213 214 215 216 217 218 219 20 221 222 223 224 235 226 127 228 229 230 131

183 184 185 185 187 168 189 190 191

LSHDKDYNKVKLYEHAVARNSTDSMDEIL
LSHDKDYNKVEKLYEHAVARNSTDSMDEIL
LSHDKDYNKVKLYEHAVARNSTDSMDEI/L
LSHDKDYNKVEKLYEHAVARNSTDSMDE.H/L
LSHDKDYNKVKLYEHAVARNSTDSMDEH/L
LSHDKDYNKVEKLYEHAVARNSTDSMDEIHL

L= - - - - -
E = - - - - - -
ncaococooo
>>>>>>>>
bow o owowowow
TEXZTETXTIIIXETI
3= > > > > > > >
ncocoooaoo
cocaacaaaa
oo g aaaa
SR TRV
>>>>2>2>>>
<c<cs<<<[g
Moxowoxow ox % x
[ef=NofeleNe el
R LR T
>>>>>>>>
vow v v v w
SHomenog
55888882
Zgoooopo™
EEEEEEE

232 233

Y

cp linker

K

mMaple

Y K|G 6 § 6 G| sequencescontinue at residue 1

Y K|GG S GG

PhoCl

Figure 2.5. Sequence alignment of mMaple and PhoCl variants. Mutations

relative to mMaple are represented as white text on a black background. The

dues are represented as black text on a green

ing resi

chromophore-form

background. The circular permutation (cp) linker sequence is enclosed in a box.

The site of photocleavage is indicated with an arrow.

To improve the properties of PhoCl0.1, we performed directed evolution

for more efficient chromophore formation (brighter green fluorescence), more

efficient photoconversion (more loss of green fluorescence), and faster peptide

d loss of red fluorescence after photoconversion).

i

(more rap

ion

t

1SSocC1a

d

in reaction (PCR). This

Libraries were generated by error-prone polymerase cha

effort led to the discovery of PhoCl, which has 8 substitutions relative to

54



PhoCl0.1 (Figure 2.4b,c and 2.5) and exhibits improved maturation,

photoconversion, and rate of dissociation (¢12 of ~500 s, Figure 2.6).

< mMaple =-ePhoCl

Normalized fluorescence

0.2 T T T
0 400 800 1200
Time (s)

Figure 2.6. Kinetics of dissociation determined by loss of red fluorescence
after photocleavage of mMaple and PhoCl. Values are means + standard

deviations (s.d.) (n = 3 independent experiments).

2.2.2 Protein characterization

Fluorescence spectroscopic characterization of purified PhoCl revealed
that the initial state of PhoCl exhibits green fluorescence (Figure 2.7a) which
is similar to that of the initial state of mMaple (Figure 2.7b). It also revealed
that PhoCl loses its red fluorescence after photoconversion, however the
photoconverted mMaple stays red fluorescent (Figure 2.6 and 2.7b,c).
Furthermore, UV-vis spectroscopic characterization indicated that the
photoconversion results in the transient formation of the red fluorescent form
that spontaneously converts to a non-fluorescent species with a broad
absorbance from ~400 to 500 nm (Figure 2.7¢) that is similar to denatured
mMaple (Figure 2.7d). This result is consistent with spontaneous dissociation
to release a C-terminal peptide fragment with the chromophore at its N-

terminus.
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Figure 2.7. Absorbance and fluorescence spectra of mMaple and PhoCl. (a)
Normalized fluorescence excitation (dashed line) and emission (solid line)
spectra for the initial green state of PhoCl. (b) Normalized fluorescence
excitation (dashed) and emission (solid) for the initial (green lines) and
photoconverted (magenta lines) states of mMaple. (¢) Normalized absorbance
(black to gray lines) and fluorescence emission (magenta line) spectra for PhoCl
post photoconversion. Fluorescence emission was acquired less than 30 s after
a 5 min photoconversion in the 405-nm LED chamber. The “0 min” absorbance
spectrum was acquired less than 10 s after photoconversion. Subsequent spectra
were acquired 5, 10, 15, and 20 min later. Most of the protein had dissociated
prior to the first measurement. (d) Normalized absorbance spectra for the initial
(green line) state of PhoCl and the photoconverted state of PhoCl (magenta line)
and mMaple (black line).

The photocleavage of PhoCl has also been analyzed by time-lapse
electrospray ionization mass spectrometry (ESI-MS). As shown in Figure 2.8a,
PhoCl was photoconverted in the 405-nm LED chamber (0.15 mW/mm?) with
a 2-min illumination starting at t = 0 s, and a 6-min illumination starting at t =
2015 s. ESI (electrospray ionization) mass spectra were acquired every 1 s for

30 min starting at t = 215 s, and for 10 min starting at t = 2500 s. The mass
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spectra (Figure 2.8b) indicated that the photoconversion of PhoCl (molecular
weight (MW): 31566 Da) produced a large fragment (MW: 29735 Da) and a
small fragment (MW: 1830 Da). The MW of the large fragment and the small
fragment are consistent with that of the empty barrel and the C-terminal
chromophore-containing peptide, respectively. This result strongly supports our
proposed mechanism of cleavage followed by dissociation.

The fraction of photocleavage was calculated as EB/(EB + PhoCl) x 100,
where EB and PhoCl are the sum of the peak heights for various corresponding
ionization states. The rate of spontaneous dissociation determined by mass
spectrometry (MS) (#12 of ~250 s) (Figure 2.8c¢) is faster than that determined
by loss of red florescence (#12 of ~500 s) (Figure 2.6). The difference most

likely is caused by the distinct buffer systems used in these two experiments.
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Figure 2.8. Demonstration of PhoCl photocleavage by mass spectrometry.

(a) Schematic representation of illumination and ESI-MS data acquisition. (b)

Representative ESI mass spectra of PhoCl acquired at t

0 s (before

photoconversion), 215 s, 2015 s and 3100 s. (¢) Percent cleavage versus time,

fromt=215stot=2015s.
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To demonstrate the photocleavage of PhoCl as a fusion protein, we
genetically fused maltose binding protein (MBP) to the C-terminus of PhoCl.
The purified PhoCl-MBP was partially photoconverted in the 405-nm LED
chamber (0.15 mW/mm?) and tested by gel filtration chromatography (GFC)
followed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) analysis of the GFC fractions.

a 100 - — |Initial, abs at 280 nm
— 400 nm, abs at 280 nm
S 80 — 400 nm, abs at 450 nm
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Figure 2.9. GFC and SDS-PAGE analysis of PhoCI-MBP. (a) Determination
of the PhoCI-MBP photocleavage by GFC. Designated proteins were resolved
on a HiLoad 16/60 Superdex 75pg gel filtration column. The absorbance at 280
nm and 450 nm were detected. (b) SDS-PAGE analysis of GFC fractions (13 x
1.5 mL; 57 — 77 mL elution volume).

Prior to photocleavage the chimeric PhoCI-MBP protein (75 kDa) eluted
from a GFC column at an elution volume of ~62 mL. Partial photoconversion
before analysis decreased the peak at ~62 mL and produced a broad peak at ~70

mL (Figure 2.9a). SDS-PAGE analysis of GFC fractions revealed that the ~70
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mL peak was two overlapping peaks that corresponded to MBP-peptide
fragment (45 kDa; absorbance at 450 nm due to quenched chromophore) and
the empty PhoCl B-barrel (30 kDa) (Figure 2.9a,b).

To further demonstrate the photocleavage of mammalian cell-expressed
PhoCl-fusion protein, we constructed a mammalian expression vector for
PhoCl-mCherry-myc. At 48 hours post gene transfection, human embryonic
kidney (HEK) 293 cells were exposed to 405-nm LED (0.15 mW/mm?) for 0,
2,4, 6, 8 mins. As determined by western blot, violet light induced a band shift
from ~60 kDa (full length PhoCl-mCherry-myc) to ~30 kDa (mCherry-myc)

indicating the cleavage of PhoCl (Figure 2.10).

kDa

— — — —— Uncleaved
50—
37= e e wmew we= Cleaved

0 2 4 6 8 mins

Figure 2.10. Western blot to assess the photocleavage of PhoCl-mCherry-
myc expressed in HEK 293 cells. Cell lysates were separated by SDS-PAGE.

Membranes were probed with an anti-myc primary antibody.

2.2.3 Optogenetic control of protein localization

To exploit PhoCl as an optogenetic tool, we first attempted to manipulate
subcellular protein localization by optical detachment of a localization tag (i.e.,
a nuclear exclusion sequence (NES) and a nuclear localization sequence (NLS))
from a POI (Figure 2.11a). This approach proved successful, and redistribution
of a red FP between the nucleus and the cytoplasm was achieved with NES-
PhoCl-mCherry (Figure 2.11b,c¢) and NLS-PhoCl-mCherry (Figure 2.11d,e).

The processes of photoconversion and protein redistribution were recorded and
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analyzed by time-lapse fluorescent imaging (Figure 2.12a,b,c,d,e,f). The
optogenetic manipulation of protein localization in a single cell was
demonstrated using NLS-PhoCl-mCherry (Figure 2.13a,b,¢). Similar results
have also been obtained using NES-GFP-PhoCl-mCherry-NLS (Figure 2.14a,b)

and ddFP reporters (Figure 2.14¢,d,e).
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Figure 2.11. Optogenetic manipulation of protein localization with PhoCl.
(a) Schematic of NES or NLS photocleavage. (b) HeLa cells expressing NES-
PhoCl-mCherry, before and after (9 min) illumination with 5 s violet light
pulses (390/40 nm, 4.89 mW/mm?) every 15s, for 6 min. Inset is the same
image with 10x increased contrast. Scale bar, 20 um. (¢) Cytoplasm-to-nucleus
intensity ratio for cells expressing NES-PhoCl-mCherry. Ratios were calculated
for single cells (n = 15). Values are means * s.d. P = 4.0 x 10 by unpaired
Student’s t-test (t (16.1) =9.7). (d) HeLa cells expressing NLS-PhoCl-mCherry,
treated and presented as in b. (e) Nucleus-to-cytoplasm intensity ratio for cells

expressing NLS-PhoCl-mCherry (n = 12), presented as in ¢. P = 7.4 x 107 by
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unpaired Student’s t-test (t (11.1) =9.9).
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Figure 2.12. Time-lapse analysis for optogenetic manipulation of protein
localization with PhoCl. (a) Representative fluorescence image of HeLa cells
expressing NES-PhoCl-mCherry before photoconversion. Regions of interest
used to quantify fluorescence intensity changes are indicated as follows:
nucleus (region outlined in red), cytoplasm (region outlined in white minus
region outlined in yellow), and the whole cell (region outlined in white). Scale
bar, 20 um. (b) Normalized and averaged whole cell red fluorescence intensity
versus time for the cells in a. Light pulses (390/40 nm, 4.89 mW/mm?) are 5 s
in duration, every 15 s for 6 min (purple interval). Values are means + s.d. (n =
3). (¢) Photoconversion of PhoCl (quantified by the loss of whole cell green
fluorescence) and red fluorescence intensity localization ratio (cytoplasm to
nucleus) versus time, for the cells in a. [llumination conditions are as described
in b. Values are means * s.d. (n = 3). (d) Representative fluorescence image of
HeLa cells expressing NLS-PhoCl-mCherry before photoconversion. Regions
of interest are defined as in a. Scale bar, 20 um. (e) Normalized and averaged
whole cell red fluorescence intensity versus time for the cells in d. Illumination
3). ®
Photoconversion of PhoCl (quantified by the loss of whole cell green

conditions are as described in b. Values are means *+ s.d. (n

fluorescence) and red fluorescence intensity localization ratio (nucleus to

cytoplasm) versus time, for the cells in d. Illumination conditions are as
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described in b. Values are means * s.d. (n = 3).
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Figure 2.13. Optogenetic manipulation of protein localization in a single
cell. (a) Time-lapse images of HelLa cells expressing NLS-PhoCl-mCherry
before and after 15 s illumination of cell 1 (arrow) with a 405-nm laser (0.12
mW). Saturated pixels in the mCherry channel with 3-fold increased contrast
are shown in white. Scale bar, 20 um. (b) Normalized whole cell green
fluorescence intensity versus time for the cells in a. (¢) Red fluorescence
localization ratio (nucleus intensity to cytoplasm intensity) versus time, for the

cells in a.
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Figure 2.14. Optogenetic redistribution of the N- and C-terminal portions
of NES-GFP-PhoCl-mCherry-NLS following photocleavage and in situ
demonstration of PhoCl photocleavage using ddFPs. (a) GFP with a NES
and mCherry with an NLS were genetically fused to the N- and C-termini,
respectively, of PhoCl. Upon photocleavage the two FPs are released from each
other and the GFP is now excluded from the nucleus, while the red FP is
sequestered in the nucleus. (b) Ratiometric images (red/green) of HeLa cells
expressing the construct described in a before and after illumination with ~400-
nm light. Before illumination with 400-nm light, the protein is largely excluded
from the nucleus (inset of leftmost image) but the ratio of red to green
fluorescence is generally consistent throughout the nucleus and cytoplasm.
After photocleavage the ratio of red to green fluorescence decreases in the
cytoplasm and increases in the nucleus. Scale bar, 15 um. (¢) Demonstration of
PhoCl photocleavage in live cells using ddFP technology [251,252]. “RA” is a
dimly fluorescent red FP that becomes brighter upon heterodimerization with
its non-fluorescent homolog “RB”. As with NES-GFP-PhoCl-mCherry-NLS in
b, the NES-PhoCIl-RB-NLS construct is initially excluded from the nucleus.
Upon photocleavage, the RB-NLS portion is separated from the NES and
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translocates to the nucleus where it heterodimerizes with RA, causing an
increase in red fluorescence. (d) Green and red fluorescence images of cells
expressing the constructs described in ¢ before and after illumination with ~400-
nm light. Within 20 min of illumination, the red fluorescence in the nucleus is
observed to increase due to translocation and interaction of RA with RB.
Regions of interest used to quantify fluorescence intensity changes are indicated
as follows: nucleus (outlined in red) and cytoplasm (outlined in white). Scale
bar, 20 um. (e) Nucleus-to-cytoplasm intensity ratio for cells in d. Values are

means £ s.d. (n =4 cells).

2.2.4 Optogenetic control of gene expression

We next attempted to achieve optogenetic control of gene expression by
using PhoCl photocleavage to release a Gal4-VP16 transcription factor [301]
that was initially excluded from the nucleus due to genetic fusion with the
plasma-membrane associated -2 adrenergic receptor (f2AR) [302] (Figure
2.15a). However, this strategy gave high levels of background transcriptional

activation (Figure 2.15b,c).
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Figure 2.15. Optogenetic release of membrane-tethered Gal4 transcription

N

factor to induce gene expression. (a) Schematic representation of activation

mechanism. PhoCl was genetically inserted between the Gal4-VP16
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transcription factor [301], with or without an NLS, and the plasma-membrane
associated P2AR [302]. The resulting plasmid (B2AR-PhoCl-Gal4-VP16),
together with a reporter plasmid encoding mCherry-NLS under control of a
repeated upstream activator sequence (UAS) [303], was used to cotransfect
mammalian cells. Photocleavage would allow Gal4-VP16 to translocate to the
nucleus, bind to the UAS promoter, and activate gene expression. (b) Green
(PhoCl) and red (mCherry) fluorescence images of a HeLa cell that has been
transfected with the genes encoding B2AR-PhoCl-Gal4-VP16 and pUAS-
mCherry-NLS, and has not been illuminated with 400-nm light. The strong
mCherry-NLS expression in the absence of illumination reveals a high level of
transcription even though B2AR-PhoCl-Gal4-VP16 does appear to be
membrane localized and excluded from the nucleus. Scale bar, 20 pm. (¢) Red
fluorescence images of HeLa cells expressing B2AR-mCherry (left image) and
both B2AR-Gal4-VP16 and pUAS-mCherry-NLS (right image), and not
illuminated with 400-nm light. These control experiments confirm the
membrane localization of B2AR and that mCherry-NLS expression occurs even
with a membrane tethered Gal4-VP16 construct that does not contain PhoCl.

Scale bars, 20 pm.

We turned to the well-established approach of POI inactivation (or
“caging”) by fusion to steroid receptor (SR) domains [304]. POI inactivation
likely involves interaction of the SR with heat shock protein 90 (Hsp90), leading
to steric blocking, partial unfolding, and cytoplasmic confinement of the POI
[305]. Typically, treatment with a steroid is used to release Hsp90 and activate
the POL. To test whether PhoCl could be used to uncage a POI by photocleavage
of Hsp90-SR (Figure 2.16a), we co-expressed SR-PhoCIl-Gal4-VP16-PhoCl-
SR with either a UAS-NanoLuc or a UAS-mCherry-NLS reporter. Fusion to
two SR domains gives lower background activity than fusion to one SR domain
[306]. Violet light illumination led to a 57 + 2-fold induction of mCherry-NLS

expression (Figure 2.16b and 2.17a) and a 52 + 2-fold induction of NanoLuc
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activity (Figure 2.16¢ and 2.17b). The SR-fusion strategy also enabled
optogenetic activation of Cre recombinase (Figure 2.16d) as quantified by flow
cytometry (Figure 2.16e and 2.18). The use of high energy violet light to elicit
photocleavage can be circumvented by using primed conversion [307] with

lower energy 458-nm and 730-nm light (Figure 2.19a,b,c,d).
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Figure 2.16. Optogenetic manipulation of gene expression with PhoCl. (a)
Schematic of protein activation using PhoCl and fused SR domains. (b) HEK
293 cells expressing SR-PhoCI-Gal4-VP16-PhoCl-SR and containing a UAS-
mCherry-NLS reporter gene. Images were acquired 24 hours post illumination
(2 min of 405 nm at 0.15 mW/mm? repeated at 24, 25, and 26 h post
transfection). Scale bar, 20 um. (¢) Normalized NanoLuc luminescence for cell
lysates 12 hours after being illuminated as in b. Values are means * s.d. (n =3
cell cultures). (d) HEK 293 stable cell line containing the inverted gene
encoding mCherry flanked by loxP sites (floxed) and transiently transfected
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with the gene encoding SR-PhoCl-Cre-PhoCl-SR (illumination as in b). Scale
bar, 20 um. (e) Cre-dependent recombination rates for mCherry-positive cells
by flow cytometry 24 hours post illumination. Values are means + s.d. (n =3

cell cultures).
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Figure 2.17. Quantification of optogenetically activatable Gal4-VP16. (a)
Quantification of light-activated gene expression with SR-PhoCl-Gal4-VP16-
PhoCI-SR and an mCherry reporter. Cells were transiently transfected with the
constructs indicated, illuminated as in Figure 2.16b, and then analyzed 24 hours
after illumination. Values are means * s.d. (n = 3 cell cultures). (b)
Quantification of light-activated gene expression with SR-PhoCl-Gal4-VP16-
PhoClI-SR and a NanoLuc reporter. Cells were transiently transfected with the
constructs indicated, illuminated as in Figure 2.16b, analyzed 12 hours after

illumination. Values are means + s.d. (n = 3 cell cultures).
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Figure 2.18. Flow cytometry analysis to assess optogenetic activation of Cre
recombinase. Representative histograms show distribution of mCherry
fluorescence intensity in a HEK 293 stable cell line (containing a floxed
inverted mCherry reporter gene) that has been transiently transfected with the
constructs indicated, with and without illumination (as in Figure 2.16b). The

range of intensities considered to be mCherry-positive cells is indicated with a
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blue line. Values are means + s.d. (n = 3 cell cultures). Histograms with the Y-

axis (counts) zoomed in are presented in the right column.
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Figure 2.19. Primed conversion in vitro and in live cells. (a) Primed
conversion [308,309] of PhoCl-MBP embedded in a polyacrylamide gel. Green
and red PhoCl fluorescence signal after attempted 458-nm photoconversion
(left), 730-nm photoconversion (center), and primed conversion using 458-nm
and 730-nm laser beams (right). Merged channels are shown on the bottom row.
Laser powers were both set to 100%. Scale bar, 50 um. (b) Change in green
(green bars) and red (magenta bars) fluorescence intensity of PhoCl1-MBP upon
primed conversion using a 458-nm priming beam at varying laser powers and
constant 100% 730-nm laser. Values are means =+ s.d. (n = 3). (¢) Fluorescence
microscopy images of HEK 293T cells co-transfected with SR-PhoCl-Gal4-
VP16-PhoCl-SR and pUAS-mCherry-NLS. Before illumination (left), after
458-nm laser only illumination on upper cell (center), and primed conversion
on the lower cell (right). Scale bar, 10 um. (d) Quantification of red nuclei over
total number of green cells treated as in ¢. Cells were either subjected to primed
conversion using 458-nm plus 730-nm beams (red bar), kept in dark (grey bar),

illuminated with only 458-nm beam (white bar), or illuminated with 405-nm
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beam (blue bar). Values are means + s.d. (n = 3).

2.2.5 Optogenetic control of HCV protease

PhoCl could enable a generic approach for optogenetic activation of
enzymes if used as a photocleavable linker between an enzyme and its
proteinaceous inhibitor. In such constructs, the enzyme function would be
nullified or “caged” prior to inhibitor release by photocleavage. Following this
design strategy, we proposed to develop a photoactivatable HCV NS3/4A
protease (HCVp) by inserting PhoCl between HCVp and an inhibitory peptide
(D [310] (Figure 2.20a,b).

To develop a photoactivatable HCVp we sought to identify an inhibitory
peptide (I) that would provide a high level of intramolecular inhibition in the
context of an intact I-PhoCl-HCVp fusion and a low level of intermolecular
inhibition at a stoichiometric concentration following photocleavage. To assay
HCVp activity in live cells, we used a membrane tethered red FP composed of
mCherry linked to a C-terminal protein prenylation motif (CAAX box) via a
consensus substrate (4A/4B) for HCVp (mCherry-4A/4B-CAAX) (Figure
2.21a). To determine if a stoichiometric concentration of a particular peptide
inhibitor would be sufficient to fully inhibit HCVp in live cells, we incorporated
peptide inhibitors into an I-p2A-HCVp construct, where p2A is a self-cleaving
peptide sequence (Figure 20a,c). We explored the use of five peptide inhibitors
with inhibitory constant (Kj) values ranging from 0.5 — 100 nM (Figure 20d).
Fluorescence imaging of cells contransfected with each of the five I-p2A-HCVp
constructs and mCherry-4A/4B-CAAX revealed that the red fluorescence was
entirely cytoplasmic in all cases (Figure 20e, top row), indicating that HCVp

retained activity in the presence of a stoichiometric concentration of even the
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highest affinity (Ki = 0.53 nM) inhibitor. Fluorescence imaging of cells
contransfected with each of the five I-PhoCI-HCVp constructs and mCherry-
4A/4B-CAAX (no violet light illumination) revealed that the red fluorescence
was entirely cytoplasmic for the lowest affinity inhibitor (K; = 105 nM),
partially membrane localized for the second lowest affinity (K = 57 nM)
inhibitor, and entirely membrane localized for the three highest affinity
inhibitors (Kj = 0.5 — 10.5 nM) (Figure 20e, bottom row). Rationalizing that a
higher Ki would allow higher levels of HCVp activity following photocleavage,
we employed the I-PhoCIl-HCVp construct containing the K; = 10.5 nM
inhibitor (CP5-46A-4DS5E) for all other experiments.

To demonstrate the utility of the I-PhoCI-HCVp construct, we co-
expressed it with a red FP that was tethered to the membrane with an HCVp
substrate-containing linker (Figure 2.21a). Consistent with negligible activity
in the “off” state, red fluorescence was initially membrane localized even in
cells expressing high concentrations of [-PhoCI-HCVp (Figure 2.21b,c).
Photoinduced dissociation of Dronpa FP oligomers (fluorescent light-inducible
protein (FLIP) system) has been used for photoactivation of HCVp, but this
approach was limited by substantial activity in the “off” state. Following
optogenetic uncaging, red fluorescence was observed to decrease at the
membrane and increase in the cytoplasm (over approximately 1 h) as the red FP
was proteolytically released. A variety of protease activatable (or inactivatable)
proteins have previously been engineered (Table 2.1), so [-PhoCI-HCVp

expands the range of cellular functions that can be optogenetically manipulated.
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Figure 2.20. Identification of an optimal inhibitory peptide (I) for I-PhoCl-
HCVp. (a) Schematic of I-PhoCI-HCVp and I-p2A-HCVp constructs. (b)
Structural representation of I-PhoCl-HCVp. HCVp (cyan) in represented in
complex with the inhibitory peptide CP5-46A-4D5SE (red) (PDB ID 4A1V
[310]), and PhoCl (green) is represented using the structure of mTFP1 (PDB ID
2HQK [296]). (¢) Structural representation of I-p2A-HCVp, where p2A is a
self-cleaving peptide. (d) Amino acid sequences of five peptide inhibitors, with
K; values ranging from 0.5 to 100 nM [311]. (e) Representative fluorescence
microscopy images (mCherry channel) of HEK 293 cells co-expressing [-p2A-
HCVp plus mCherry-4A/4B-CAAX (top row) or I-PhoCIl-HCVp plus mCherry-
4A/4B-CAAX (bottom row). None of the cells are illuminated with 400 nm
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light to induce photocleavage. In each column, I is the same for both I-p2A-
HCVp and I-PhoCI-HCVp, and corresponds to one of the sequences provided

in ¢. Scale bars, 10 pm.
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Figure 2.21. Optogenetic activation of HCV protease. (a) Schematic of using
[-PhoCI-HCVp to release membrane-tethered mCherry. (b) A HeLa cell
expressing mCherry-4A/4B-CAAX and I-PhoCI-HCVp. Cells were illuminated
1 min with 390/40 nm at 7.23 mW/mm?. Scale bar, 10 um. (¢) Red fluorescence

intensity profiles between white arrows in b.
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Table 2.1.

Selected previously reported examples of engineered protease-sensitive

proteins.
Protease-sensitive protein Protease Effect Ref.
Pannexin-1 Tobacco etch virus Activation [312]

(TEV) protease

Rec8 and Sccl a-kleisin

proteins TEV protease Inactivation [313]

caspase-3, caspase-6, and
caspase-7

Membrane tethered (MT)
Gal4-VP16, MT luciferase,
Gal4-VP16 fused to steroid | Split TEV protease | Activation [315]
receptor (SR), and luciferase-
SR

diphtheria toxin A and Ricin
A chain

TEV protease Activation [314]

HCV NS3 protease | Activation [316]

2.2.6 Opto-Panxl

To demonstrate that I-PhoCl-HCVp could enable optogenetic activation of
a protease activatable protein, we used it to develop an optogenetically-
activated Pannexin-1 (Opto-Panx1). Panx1 is a large pore ion channel that is
opened by proteolytic truncation of the C-terminal tail and serves to regulate
cellular processes that include ATP release, phagocyte chemotaxis,
inflammasome assembly, and neuronal excitotoxicity [312,317]. Ascribing
specific effects to Panx1 has proven difficult due to the lack of highly specific
pharmacological antagonists and the potential for compensation by other Panx
isoforms [318]. Opto-Panx1 is the combination of I-PhoCl-HCVp and an
engineered HCVp-activatable Panx1 (Panx1"¢V) in which the caspase cleavage
site of Panxl C-terminal tail is converted to an HCVp substrate (Figure

2.22a,b). Illumination of N2a cells expressing Opto-Panx1 (Figure 2.22¢)
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resulted in cleavage of the C-terminal tail (Figure 2.22d,e) and uptake of the
TO-PRO-3 dye [319] (Figure 2.23a,b,c). Opto-Panx1 activation induced ATP
release (Figure 2.24a) and increased whole cell currents (Figure 2.24b,c,d,e,f)
in HEK 293T cells. Chronic photoactivation induced cell blebbing, consistent
with the reported activity of Panxl in ischemic neurons [320] (Figure
2.25a,b,c). By providing exquisite spatiotemporal control of Panx1 activation,
Opto-Panx1 should enable investigations of the isoform-specific contribution

of this channel.

a Panx1WT
Residue 365-LLLTNLGMIKMDVVDGKTPMS - 385

Caspase substrate sequence
Panx1HCvY
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Figure 2.22. Engineering of Opto-Panx1 and validation by western blot.

(a) Engineering of Panx 1''“V, Partial amino acid sequence showing the caspase-
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3 substrate sequence within Panx1"T [312]. This sequence was substituted with
an HCVp substrate sequence to make Panx 1V, (b) Schematic of Opto-Panx1
(I-PhoCl-HCVp with Panx1"V). (¢) Expression of Opto-Panx1 (I-PhoCl-
HCVp and Panx1"©V-mCherry) in N2a cells. Scale bar, 10 um. (d)
Representative western blot showing Opto-Panx1 C-tail cleavage upon violet
light stimulation (405 nm, 0.15 mW/mm?). Panx1-EL denotes a primary
antibody against the first extracellular domain of Panx1 (total Panx1). Panx1-
CT denotes a primary antibody directed against an epitope distal to the HCVp
site in the C-terminal domain of Panx1"CV (uncleaved Panx1). NT = non-
transfected, Panx1¢V = Panx1"¢V only, Opto-Panx1 = I-PhoCI-HCVp and
Panx1H¢V. (e) Quantification of band density ratio (uncleaved Panx1 to total

1 HCV

Panx1) in d normalized to the ratio for cells expressing Panx only. Values

are means * s.d. (n = 3).
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Figure 2.23. Validation of Opto-Panx1 by TO-PRO-3 dye uptake. (a) Time-
lapse images of TO-PRO-3 dye uptake resulting from 380-nm LED light
activation (2.31 mW/mm? for 3 min) of Opto-Panx1 in N2a cells. Inset in
leftmost PhoCl image shows Panx1"¢Y-mCherry expression. Scale bar, 10 um.

(b) Quantification of dye in cells expressing Panx1"V and either I-PhoCl-
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HCVp (Opto-Panx1) or I-mMaple-HCVp, when activated as in a (purple
interval). Values are means * s.d. (nopto-Panx1 = 26, N.mMaple-HCVp:Panx1HCV = 40),
P2omin = 1.9 x 107, P25 min = 3.6 x 107% P3gmin < 1 x 10" for Opto-Panx1
compared to I-mMaple-HCVp:Panx1¢V by two-way ANOVA (analysis of
variance) (£ (7, 448) = 25.9). (¢) Summary data of TO-PRO-3 uptake at 30 min
post stimulation (as in a). Values are means =* s.d. Opto-Panx1: P = 5x1071, n
= 26; I-mMaple-HCVp with Panx1V: P =0.968, n = 40; I-PhoCI-HCVp only:
P =0.078, n = 20; Panx1"Y only: P = 0.179, n = 12 by one-way ANOVA (F
(7,188) = 338.1).
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Figure 2.24. ATP release and whole-cell patch clamp analysis of Opto-
Panx1 or the mMaple control construct. (a) ATP release of HEK 293T cells
expressing Panx1"V and either I-PhoCI-HCVp (Opto-Panx1) or I-mMaple-
HCVp, when activated using a 380-nm LED (2.31 mW/mm? for 1 min). Values
are means * s.d. (Nopto-Panx1 = 6, N.mMaple-HCVp:Panx1HCV = 6). P20 min = 3.6 x 1076,

P25 min < 1 x 1071 by two-way ANOVA (F (5, 50) = 28.6). (b,c) Representative
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current (I) versus voltage (V) curves for whole-cell patch clamp analysis of
HEK 293T cells expressing Panx1"¢V and either I-mMaple-HCVp (b) or I-
PhoCI-HCVp (Opto-Panx1) (¢). Cells were illuminated as in a and then treated
with carbenoxolone (CBX: 100 um). (d, e) Representative current (at +80 mV)
versus time data for whole-cell patch clamp analysis of HEK 293T cells
expressing Panx 11V and either I-mMaple-HCVp (d) or I-PhoCIl-HCVp (Opto-
Panx1) (e). Cells were illuminated as in a (purple interval) and treated with
carbenoxolone (CBX: 100 pm, 10 min post illumination, red interval). (f)
Summary data of the maximum Panx1 currents at +80 mV after photoactivation.
Cells were treated as in d,e. Values are means £ s.d. (Nopto-Panxt = 8, NL-mMaple-

HCVp:PanxIHCV = 8).
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Figure 2.25. Cell blebbing analysis of cells expressing Opto-Panx1 or the
mMaple control construct. (a) Representative time course images of N2a cells
expressing Opto-Panx1 following 3 min of illumination with a 380-nm LED at
2.31 mW/mm?. Blebs are indicated with yellow arrowheads. Scale bar, 10 um.
(b) Summary of number of blebs per cell following activation of Opto-Panx]1

or I-mMaple-HCVp:Panx1H¢V in N2a cells. Cells were illuminated as in a.

Values are means + s.d. (nopto-panx1 = 26, N-mMaple-HCVp:PanxiHCV = 40). P = 3.3 X
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10712 by unpaired Student’s t-test (t (64) = 8.6). (¢) Average bleb area per cell
for datain b. P =1.6 x 10"!! by unpaired Student’s t-test (t (64) = 8.2).

2.3 Conclusion

PhoCl is an optogenetic technology that uses only naturally occurring
amino acids and uniquely enables the covalent caging of proteins in an inactive
state from which irreversible photocleavage is the only escape. Although no
other optogenetic technology shares this feature, it is still informative to
compare PhoCl to optogenetic systems that undergo reversible dissociation
(e.g., FP-based FLIP [228,229] and LOV2-based LOVTRAP [93]). In
reversible systems, the equilibrium between the bound and dissociated protein
partners is shifted towards the bound state in the dark and the dissociated state
in the light, and necessarily concentration dependent in both states. In contrast,
the covalently bonded nature of PhoCl’s dark-state means that there is no
equilibrium concentration of released state prior to illumination and no
concentration dependence. Once uncaged by transient illumination of PhoCl,
activated proteins will persist until destroyed by the normal process of
intracellular protein degradation. Long-term activation with a reversible system
would require constant illumination that could lead to phototoxicity. In this
work we have demonstrated a number of applications of PhoCl that illustrate its
utility and versatility. We anticipate that PhoCl will prove useful in a yet wider
variety of applications that require low levels of dark-state activity, activation

on the timescale of minutes, and persistence for prolonged periods of time.
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2.4 Materials and methods

2.4.1 General molecular biology methods

Plasmid construction was performed using standard restriction enzyme
cloning. Pfu (Thermo Fisher Scientific), Taq (New England BioLabs), and Q5
(New England BioLabs) DNA polymerases were used for polymerase chain
reaction (PCR) amplification. Restriction enzymes were purchased from New
England BioLabs or Thermo Fisher Scientific. DNA extractions were
performed using GeneJET gel extraction kit and plasmid miniprep kit (Thermo
Fisher Scientific) according to the manufacturer's protocols. Sequencing
reactions were performed at the University of Alberta Molecular Biology

Service Unit.

2.4.2 Library creation and screening

Overlap PCR was used to circularly permute the gene encoding mMaple
such that the original termini were joined with a GGSGG (G, Gly; S, Ser) linker
and new termini were introduced at residue numbers 54/53, 55/54, 56/55, 75/76,
78/77, and 79/78. To create gene libraries, the N- and C-terminal residues were
randomized to all 20 amino acids using an NNK codon (where N=A, G, C, T
and K =G, T). Circular permutation libraries with termini at the N-terminal side
of the central helix (54/53, 55/54, 56/55) were fused to the C-terminus of a gene
encoding maltose binding protein (MBP) through a GGGGS linker with a Kpnl
site. Libraries with termini at the C-terminal side of the central helix (75/76,
78/77, 79/78) were fused to the N-terminus of the gene encoding MBP through
a GGGGS linker with a Kpnl site. These MBP fusion libraries were inserted
between the Xhol and Hindlll sites of pBAD/His B (Thermo Fisher Scientific).

DH10B competent cells (Thermo Fisher Scientific) were transformed with these
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gene libraries and grown as colonies on Luria-Bertani (LB) agar plates
supplemented with 100 pg/mL ampicillin and 0.02% L-arabinose. Fluorescence
images of colonies were acquired using a custom-built colony screener [321]
equipped with optical filters with the following wavelengths/bandwidths (in
nm): excitation 470/40 and emission 510/20 for green channel; excitation
560/40 and emission 630/60 for red channel. Photoconversion was performed
using a custom-built 405-nm LED chamber (light intensity 0.15 mW/mm?),
equipped with six 9 x 11 arrays of LEDs (OptoDiode Corporation) [300].
Libraries were screened by fluorescence imaging to identify colonies that
exhibited green-to-red photoconversion followed by a rapid loss of red
fluorescence in the dark. Data analysis was performed by software Image-Pro
6.0 (Media Cybernetics). Error-prone PCR was used to generate libraries of
PhoCl variants. E. coli was transformed with plasmid DNA encoding PhoCl
libraries, and grown on agar plates overnight. Clones that had bright green
fluorescence within 16 to 24 h, underwent green-to-red photoconversion, and
exhibited the most rapid loss of red fluorescence following photoconversion,
were picked and used as templates for the next round of library creation and

screening.

2.4.3 Construction of PhoCl expression vectors

DNA encoding the nuclear exclusion signal (NES) of MAPKK
(NLVDLQKKLEELELDEQQ) [322] and the nuclear localization signal
(NLS), of SV40 (PKKKRKYV) [323] were separately appended to the 5’ end of
the gene encoding PhoCl by PCR. The gene encoding mCherry was inserted
between the Kpnl and X#hol sites of pcDNA3.1(+) (Thermo Fisher Scientific).

Genes encoding NES-PhoCl and NLS-PhoCl were then separately inserted
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between Nhel and Kpnl of the mCherry-pcDNA3.1(+) plasmid to yield the
NES- and NLS-PhoCl-mCherry expression vectors. DNA encoding the myc tag
(EQKLISEEDL) was appended to the 3° end of the gene encoding mCherry by
PCR. The DNA encoding mCherry-myc (with 5* Kpnl and 3 Hind]IlI restriction
sites) and the DNA encoding PhoCl (with 5° Nhel and 3 Kpnl restriction sites)
were digested and inserted between the Nhel and HindlIll sites of pcDNA3.1(+)
by 3-part ligation to yield the PhoCl-mCherry-myc expression vector.

The SR-PhoCl-Gal4-VP16-PhoCl-SR expression vector was derived from
pCAG-ERT2CreERT2, a gift from Connie Cepko (Addgene plasmid #13777)
[306]. pPCAG-ERT2CreERT?2 has an Xhol site between the DNA encoding Cre
and the second ERT2. A Kpnl restriction site was introduced between the DNA
encoding the first ERT2 and Cre by QuikChange site-directed mutagenesis kit
(Agilent Genomics). The gene encoding Gal4-VP16 was amplified from N114
nLV EF-la-Gal4-VP16-PGK-Puro, a gift from Jerry Crabtree (Addgene
plasmid #44014) [324]. The gene encoding PhoCl-Gal4-VP16 (with 5° Kpnl, 3’
Kpn2l, and an Nhel restriction site between PhoCl and Gal4-VP16), and the
gene encoding PhoCl (with 5° Kpn2l and 3’ Xhol restriction sites), were
assembled by overlap PCR and digested with Kpnl/Kpn2l and Kpn2l/Xhol,
respectively. A 3-part ligation was performed with these two digested fragments
and pCAG-ERT2CreERT2 (digested with XAol and Kpnl) to produce the SR-
PhoCl-Gal4-PhoCl-SR expression vector. To produce the SR-PhoCl-Cre-
PhoClI-SR expression vector, the gene encoding Cre was ligated into the Nhel
and Kpn2I restriction sites of the appropriately digested SR-PhoCl-Gal4-VP16-

PhoCl-SR vector.
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The pUAS-mCherry-NLS and pUAS-NanoLuc reporter vectors were
derived from pUAS-luc2, a gift from Liqun Luo (Addgene plasmid #24343)
[325]. The DNA encoding the SV40-derived NLS was added to the 3’ end of
the gene encoding mCherry by PCR. The gene encoding NanoLuc was
amplified from pNLI1.1[Nluc] vector (Promega) by PCR. The genes encoding
mCherry-NLS and NanoLuc were cloned between the EcoRI and Xbal sites of
pUAS-/uc? in place of luc2. pLenti-CMV-double floxed-mCherry was used to
generate the Cre reporter cell line. It was derived from pLenti CMV GFP Neo
(657-2), a gift from Eric Campeau (Addgene plasmid #17447) [326]. The gene
encoding double floxed mCherry was amplified by PCR from pAAV-EF1a-
double floxed-mCherry-WPRE-HGHpA, a gift from Karl Deisseroth (Addgene
plasmid #20299). The DNA encoding double floxed mCherry was cloned
between the Xbal and Sall sites of pLenti CMV GFP Neo (657-2) in place of
the gene for GFP.

To construct [-PhoCI-HCVp expression vectors, the gene encoding
hepatitis C virus (HCV) NS3 domain (genotype 1a) was amplified from pCMV-
Tagl-NS3, a gift from Xin Wang (Addgene plasmid #17645) [327]. It was
genetically changed to the NS3 domain (genotype 1b) (GenBank sequence
DQO071885.1 [328]) by site-directed mutagenesis performed by overlap PCR.
The DNA encoding the 4A peptide (GSVVIVGRIILS) was added to the 5° end
of the DNA encoding the NS3 domain (genotype 1b) through a DNA linker
encoding GSGS, by PCR, to make the gene encoding active single-chain HCV
NS3-4A serine protease (HCVp) [329]. The gene encoding HCVp was cloned
between the Xhol and HindlI1l sites of pcDNA3.1(+). DNA encoding for a series

of five inhibitory peptides with a range of K values (Ki = 0.53 to 105 nM) [310]
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were fused to the 5 end of the gene encoding PhoCl through a DNA linker
(encoding GGSGGSGGSGGSGSMVSKGEETTM) with an internal BamHI
site by PCR. These DNA fragments were then ligated to the 5’ end of the gene
encoding HCVp through a DNA sequence encoding a peptide linker
(GGSTDGMDELYKSRGSGTG) with an internal Xbal site by overlap PCR.
These I[-PhoCI-HCVp gene fragments were cloned between the Xhol and
HindIl sites of pcDNA3.1(+). To construct [-mMaple-HCVp control vectors,
the gene encoding mMaple was used to replace the gene encoding PhoCl
between the BamHI and Xbal sites of [-PhoCI-HCVp (where I is the three
lowest K inhibitors from Figure 2.20). To construct [-p2A-HCVp control
vectors, DNA encoding the p2A peptide (GSGATNFSLLKQAGDVEENPGP)
[311] was first generated by Pfu DNA polymerase extension of overlapping
forward and reverse oligonucleotides with 5° BamHI and 3’ Xbal. This fragment
was cloned between the BamH]I and Xbal sites of I-PhoCl-HCVp in place of the
gene encoding PhoCl. The DNA encoding the 4A/4B substrate sequence
(DEMEECASHL) [330] of HCVp was added to the 3’ end of the gene encoding
mCherry through a DNA linker (encoding GSGS) by PCR. DNA encoding the
CAAX motif of K-Ras (KMSKDGKKKKKKSKTKCVIM) [331] was further
added to the 3’ end of the gene encoding mCherry-4A/4B through a DNA linker
(encoding GSGS) to get the gene for mCherry-4A/4B-CAAX. This gene was
cloned between the Xhol and HindlIll sites of pcDNA3.1(+).

To construct Panx1H¢V DNA encoding the caspase cleavage sequence
(GMIKMDVVDG) [312] of Panx1 was exchanged with the DNA encoding the
HCVp 4A/4B substrate sequence (DEMEECASHL) [330]. The Panx1H¢V

expression plasmid was constructed by cloning the gene between the Nhel and
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HindIlI sites of pcDNA3.1(+). The Panx 1V-mCherry expression plasmid was
constructed by first ligating the genes encoding Panx1 and mCherry through an

1 HCV

Xhol restriction site, and then ligating the fused Panx -mCherry gene

between the Nhel and Hindlll sites of pcDNA3.1(+).

2.4.4 Protein purification and in vitro characterization

The genes for mMaple, PhoCl, and PhoCI-MBP in pBAD/His B were used
to transform E. coli strain DH10B or Top10. LB media supplemented with 100
pg/mL ampicillin was inoculated with these transformants and the cultures were
allowed to grow to an ODgoo = 0.5. Cultures were induced with 0.02% L-
arabinose and allowed to grow overnight at 28 °C, after which the E. coli were
harvested by centrifugation. The proteins were purified with Ni-NTA agarose
(Mclab). Protein concentrations were determined by denaturing in 0.1 M NaOH
and using an extinction coefficient at 447 nm of 44,000 M'cm™! to determine
the protein concentration by UV-vis spectroscopy.

Photoconversion was performed using a custom-built 405-nm LED
chamber [295]. Absorbance spectra were acquired with a DU-800 UV-visible
spectrophotometer (Beckman). Fluorescence spectra were acquired with a
Safire2 platereader (Tecan). Gel filtration chromatography was performed with
a HiLoad 16/60 Superdex 75 pg column on an AKTA protein purification
system (GE Healthcare). To denature mMaple prior to UV-vis spectroscopy,
purified mMaple protein was diluted in 50 mM Tris-Cl, 150 mM NaCl, 9 M
urea, | mM DTT, pH 7.5, and incubated at 95 °C for 5 min.

To perform electrospray mass spectrometry (ESI-MS) analysis of PhoCl,
purified protein was concentrated to 6.5 uM in 200 mM NH4OAc (pH 6.9) using

an Amicon Ultra-0.5 mL Centrifugal Filter Unit with Ultracel-10K membrane
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(EMD Millipore). Mass spectra were acquired using a Synapt G2S Q-IMS-TOF
mass spectrometer (Waters, Manchester, UK) equipped with nanoflow ESI

(nanoESI) source.

2.4.5 Cell culture and transfection conditions

All cell lines were grown from their original frozen stocks without
authentication or mycoplasma detection. The HEK 293 cell line is listed in the
International Cell Line Authentication Committee (ICLAC) database of
commonly cross-contaminated or misidentified cell lines. As no endogenous
biology was involved, contamination of HEK 293 cell line with HeLa cells
would not be expected to affect any of the results reported in this work. HEK
293 (ATCC CRL-1573) and HeLa (ATCC CCL-2) cells were maintained at 37
°C and 5% COz> in complete cell culture medium (Dulbecco's modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10%
GlutaMAX (Thermo Fisher Scientific), 1% penicillin, and 1% streptomycin).
Cells were seeded in 35 mm glass bottom cell culture dishes (In vitro scientific).
For NES- and NLS-PhoCl-mCherry imaging experiments, HeLa cells were
transiently transfected with 2 pg of DNA mixed with 4 pL Turbofect
transfection reagent (Thermo Fisher Scientific) according to the manufacturer's
protocols and cultured for 24 hours prior to experiments. For light induced gene
expression with caged Gal4-VP16, HEK 293 cells were co-transfected with
DNA vectors encoding SR-PhoCl-Gal4-VP16-PhoCI-SR (1 pg) and either
pUAS-mCherry-NLS (1 pg) or pUAS-NanoLuc (1 pg) mixed with 4 pL
Turbofect transfection reagent.

For light induced gene expression with caged Cre recombinase, a Cre

recombinase reporter cell line was generated. HEK 293FT cells (Thermo Fisher
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Scientific) were maintained in complete cell culture medium containing 110
mg/mL sodium pyruvate, at 37 °C and 5% CO,. HEK 293FT cells in 35 mm
cell culture dishes (Corning) with 80% confluency were transfected with 1.5 pg
pLenti-CMV-double floxed-mCherry, 1.0 pug psPAX2 (a gift from Didier
Trono, Addgene plasmid #12260), 0.5 ug pMD2.G (a gift from Didier Trono,
Addgene plasmid #12259), and 0.2 pg pAdvantage (Promega), using 9 pL
Turbofect transfection reagent in 2 mL Opti-MEM media (Thermo Fisher
Scientific). Opti-MEM media containing Turbofect and DNA mix were
replaced with 2 mL complete cell culture medium containing 110 mg/mL
sodium pyruvate at 24 hours post-transfection. At 48 hours post-transfection,
the virus-containing supernatant was collected, spun at 400g (relative
centrifugal force, RCF) for 5 min to pellet cellular debris, and filtered through
a 0.45 um PVDF Syringe Filter Unit (EMD Millipore). HEK 293 cells in 35
mm dishes were transduced with 2 mL virus-containing supernatant. At 24
hours post-transduction, the virus-containing supernatant was replaced with
complete cell culture medium containing 500 pg/mL of G418 (Thermo Fisher
Scientific) to select and maintain a stable Cre reporter cell line. The Cre reporter
cells were seeded in 35 mm glass bottom cell culture dishes and transiently
transfected with 2 pg of DNA vector encoding SR-PhoCl-Cre-PhoCl-SR mixed
with 4 pL Turbofect transfection reagent.

For imaging of I-PhoCIl-HCVp activity in live cells, HeLa cells were
cultured as described above and co-transfected with DNA vectors encoding I-
PhoCI-HCVp (1 pg) and mCherry-4A/4B-CAAX (1 pg) mixed with 4 pL

Turbofect transfection reagent and cultured for 24 hours prior to experiments.
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For dye uptake experiments and cell blebbing analysis, Neuro-2a (N2a)
cells (ATCC CCL-131) were cultured in DMEM high glucose medium
supplemented with 10% FBS, 1% penicillin and 1% streptomycin. Cells were
maintained at 37 °C in a humidified cell culture incubator with 22% O and 5%
CO:s. For expression of I-PhoCIl-HCVp and Panx 1"V constructs, N2a cells were
seeded in 35 mm MatTek glass bottom cell culture dishes and transfected with
2.5 pg of each plasmid using 5 pL Lipofectamine 2000 transfection reagent
(Thermo Fisher Scientific) and cultured for 48 hours prior to experiments.

For whole-cell patch clamp electrophysiology and ATP release
experiments, HEK 293T cells (ATCC CRL-3216) were maintained at 37 °C and
5% CO in complete cell culture medium. HEK 293T cells were seeded in 6-
well plates at a density of 1 —2 x 10° cells/well and co-transfected with plasmids
encoding Panx1V and I-PhoCI-HCVp (Opto-Panx1) or I-mMaple-HCVp
using Lipofectamine 2000 according to the manufacturer’s protocol.

For primed conversion in live cells, HEK 293T cells were co-transfected
with pUAS-mCherry-NLS and SR-PhoCl-Gal4-VP16-PhoCI-SR constructs via
nucleofection (Lonza nucleofector 4D, SF cell culture kit, program CM150).
Transfected cells were immediately seeded into 4-well culture inserts (ibidi

GmBH) and kept in the dark.

2.4.6 Cell treatments and imaging conditions

For imaging of protein translocation, images were acquired using a Nikon
Eclipse Ti microscope that was equipped with a 75 W Nikon xenon lamp, a 16-
bit 512SC QuantEM CCD (Photometrics), and a 20% objective (NA = (.75, air)
and was driven by a NIS-Elements AR 4.20 software package (Nikon). Filter

sets had the following wavelengths/bandwidths (in nm): excitation 390/40,
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dichroic mirror 425dclp for photoconversion channel; excitation 475/40,
dichroic mirror 510dclp, emission 530/50 for GFP; and excitation 543/10,
dichroic mirror 565dclp, and emission 620/60 for mCherry. Before
photoconversion, images were acquired in the GFP and mCherry channels every
15 s for 2 min. Photoconversion was performed by illumination with 5 s violet
light pulses (photoconversion channel, 4.89 mW/mm?) every 15 s for 6 min.
Each light pulse was followed by image acquisition in the GFP and mCherry
channels. Image acquisition continued another 9 min after photoconversion.
Single cell photoconversion was performed using the Fluorescence Recovery
After Photobleaching (FRAP) module of a Ti-LAPP Modular Illumination
System (Nikon) equipped with a 405-nm laser (Coherent). Two 25% neutral
density filters were used and the laser power measured at the objective was 0.12
mW. Images acquired using the GFP channel were used to track the
photoconversion of PhoCl. Red fluorescence images were acquired to analyze
protein localization. Image analysis was performed using ImagelJ software. For
the NES-PhoCl-mCherry construct, protein translocation was analyzed using
the ratio of the intensity of the cytoplasm to the intensity of the nucleus. For
NLS-PhoCl-mCherry construct, protein translocation was analyzed using the
ratio of the intensity of the nucleus to the intensity of the cytoplasm.

For imaging of light induced gene expression, transfected cells were
maintained for 24 hours after transfection. Photoconversion was performed
using the custom-built 405-nm LED chamber (0.15 mW/mm?). Each dish of
cells (maintained at 37 °C and 5% COy) was illuminated for 2 min, once per
hour for 3 hours, for a total illumination time of 6 min. For analysis of light

induced gene expression, images were acquired 24 hours after the last
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illumination using an Axiovert 200M (Zeiss) microscope that was equipped
with a 75 W xenon-arc lamp, a 40x objective lens (NA = 1.3, oil), and a 14-bit
CoolSnap HQ2 cooled charge-coupled device (CCD) camera (Photometrics)
and was driven by uManager software [332]. Filter sets had the following
wavelengths/bandwidths (in nm): excitation 470/40, dichroic mirror 495dclp,
emission 525/50 for GFP; and excitation 535/50, dichroic mirror 565dclp, and
emission 585/29 for mCherry. Images of cells with and without
photoconversion were acquired in both the GFP and mCherry channels. For
light activated Gal4-VP16, gene expression levels were quantified using the
total NanoLuc luminescence or mCherry fluorescence from cell lysates. For
light activated Cre, recombination was quantified using mCherry fluorescence
from cell lysates and flow cytometry. To measure luminescence, cells in 35 mm
dishes were dissociated by addition of 2 mL phosphate-buffered saline (PBS)
supplemented with 2 mM ethylenediaminetetraacetic acid (EDTA). The
NanoLuc luminescence intensity was quantified using Nano-Glo Luciferase
Assay Kit (Promega) and a SpectraMax 13x plate reader (Molecular Devices).
To measure fluorescence from cell lysates, cells in 35 mm dishes were lysed by
addition of 400 pL M-PER mammalian protein extraction reagent (Thermo
Fisher Scientific). Cell debris was removed by centrifugation at 22,500g (RCF)
for 2 min. The fluorescence intensity of mCherry in the supernatant was
quantified using a Safire2 plate reader (Tecan). For analysis of light activated
Cre recombinase by flow cytometry, rates of recombination were quantified for
mCherry-positive cells by using BD Accuri™ C6 (BD Biosciences).

For imaging of I-PhoCI-HCVp activity in live cells, images were acquired

using the Axiovert 200M (Zeiss) microscope. Filter sets for GFP and mCherry
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channels are as described above. A 390/40 nm excitation filter and a 425 nm
dclp dichroic mirror were used for photoconversion channel. Before and after
illumination, images were acquired in both the GFP and mCherry channels.
Photoconversion was performed by illumination (7.23 mW/mm?) in the
photoconversion channel for 1 min. Image analysis was performed using
Imagel software.

For imaging of Opto-Panx1 activity in live cells, transfected cells were
washed 3x with an artificial cerebrospinal fluid (aCSF) solution (in mM: 120
NacCl, 26 NaHCO3, 3 KCl, 10 glucose, 1.25 NaH>PO4, 1.3 MgS04, 2 CaCl,, pH
= 7.3) and equilibrated for 30 min in aCSF. Dishes were then transferred to a
Zeiss AxioObserver.Z1 inverted epifluorescence microscope and continually
superfused with fresh aCSF at a rate of 2 mL/min. To photoactivate I-PhoCl-
HCVp, cells were illuminated with a 380 nm LED light source (2.31 mW/mm?).
To assess TO-PRO-3 uptake by Opto-Panx1 channels in transfected cells, TO-
PRO-3 (1 uM) was superfused into the bath and intracellular fluorescence was
monitored every 5 min for 30 min following photoconversion (3 min) and
expressed as mean fluorescence intensity in dark and post-illumination states.
Cell blebbing was quantified using ImagelJ software. Cell area was measured
prior to and 30 min after photoactivation and bleb area was calculated as the

difference in these values.

2.4.7 Western blot

Quantitative western blotting was performed by conventional protein
separation by SDS-PAGE and transfer to nitrocellulose membranes. Briefly,
whole cell lysates were obtained from transfected cells using NP-40 lysis buffer

(Thermo Fisher) containing protease and phosphatase inhibitors and centrifuged
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at 13,000 g to remove cell debris. Total protein was quantified using the Micro
BCA Assay Kit (Thermo Fisher) and 25 pg of total protein was separated on
12% Tris-glycine polyacrylamide gels. Following separation, protein was
transferred to nitrocellulose membranes which were subsequently blocked for 1
hour with 5% bovine serum albumin (BSA) in Tris-buffered saline (TBS).
Membranes were incubated with primary antibodies in TBS with 0.05% Tween-
20 (TBST) and 5% BSA overnight at 4°C. Following 3x washes in TBST,
membranes were incubated with IRDye secondary antibodies (Li-COR) for 1
hour at room temperature. Membranes were washed 3x in TBST then developed
with a Li-COR Odyssey CLx imaging system. For quantification of Opto-Panx 1
C-tail cleavage, Opto-Panx1 expressing HEK cells were photoconverted and
lysed at 24 hours post transfection. A primary antibody directed towards an
epitope residing in the first extracellular loop (Panx1-EL) was used to detect
total Panx1 and a primary antibody directed against an epitope distal to the
HCVp cleavage site in the Panx1"“Y C-terminal domain (Panx1-CT) was used
to detect uncleaved Panx1 [319,333]. For analysis of PhoCl photocleavage,
HEK 293 cells transfected with the PhoCl-mCherry-myc construct were lysed
by addition of 400 pL lysis buffer containing 1% NP-40, 150 mM NaCl, 50 mM
Tris, 5 mM EDTA, 1 mM ethylene glycol tetraacetic acid (EGTA), pH 8.0.
mCherry-myc dissociation from PhoCl was assessed using a primary antibody

directed against the myc tag (Cell Signaling).

2.4.8 Whole-cell patch clamp electrophysiology
At 48 hours post transfection, cells were trypsinized and seeded onto poly-
D-lysine coated coverslips. After 1 — 2 hours, coverslips were transferred to a

recording chamber and continually perfused with extracellular recording
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solution (in mM: 140 NacCl, 3 KCI, 2 MgCl,, 2 CaCl,, 10 HEPES, 10 glucose.
pH = 7.3). Whole-cell patch clamp recordings were conducted at room
temperature using a MultiClamp 700B amplifier and Digidata 1550A digitizer.
Cells were patched with borosilicate glass micro electrodes (Sutter Instrument)
with tip resistance of 3 — 5 MQ pulled using a P-1000 Flaming/Brown
Micropipette Puller (Sutter Instrument), and filled with an intracellular solution
containing (in mM) 120 CsCl, 1 EGTA, 10 HEPES, 2 Mg-ATP and 0.3 Nas-
GTP. Access resistance was continually monitored and always less than 20 MQ).
Opto-Panx1 or I-mMaple-HCVp:Panx 1V expressing cells were identified
with a Zeiss AxioObserver.Z1 inverted epifluorescence microscope. After
entering the whole-cell configuration, cells were held at -60 mV and voltage
ramps applied from -80 mV to +80 mV over 150 ms and repeated every 15 s.
Following baseline recording, cells were illuminated with a 380 nm LED for 1
min (2.31 mW/mm?) and recorded for 10 min at which time the Panxl
antagonist carbenoxolone (CBX, 100 uM) was bath applied to isolate CBX-

sensitive Panx1 currents. The % change in CBX-sensitive current was

(Ipeak—-ICBX)—(Iinitial—ICBX)
(Iinitial—-ICBX)

calculated at +80 mV as X 100, where Ipea 1s the

maximum current following illumination, /cgx i1s the current following CBX

application, and Zinisias 1s the baseline current prior to illumination.

2.4.9 ATP release assays

Transfected cells were seeded in poly-D-lysine coated 24-well plates and
grown to confluence. To quantify ATP release, cells were washed 3x with
extracellular recording solution and incubated for 30 min at 37°C. Following 1

min illumination with 380 nm light, supernatant samples were collected at 5
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min intervals and immediately placed on ice. ATP concentration was quantified
using the ATP Bioluminescence Assay Kit CLSII (Roche) according to the

manufacturer’s instructions.

2.4.10 Primed conversion in vitro and in live cells

For protein immobilization, 100 uL Tris-HCI (1.5 M, pH 7.4), 10 uL of a
10 uM purified protein stock in Tris (0.1 M, pH 7.4), 180 pL 30%
acrylamide/bis-acrylamide solution, 1.5 uL 10% ammonium persulfate and 0.5
pL tetramethylethylenediamine were quickly mixed, transferred to a chambered
coverslip and left to polymerize for 20 min. Immobilized proteins were
converted on an area of 50 x 50 um.

The imaging and illumination of immobilized proteins and cells was
performed on a Zeiss LSM 780 microscope (Carl Zeiss AG) with a C Apo
40x/1.1 W DICIII objective. Light sources included: a Diode 405-30 for 405
nm (4.65 mW at 100%); an argon laser for 458 (0.165 mW at 100%) and 488
nm (1.10 mW at 100%); a diode pumped solid-state laser for 561 nm (3.45 mW
at 100%); and a tunable two-photon laser source (Chameleon Ultra II, Coherent
Inc.) set to “alignment mode” for continuous wave (i.e., not pulsed) 730 nm
excitation (49.0 mW at 100%). Laser powers were measured using a PowerMax
USB power meter (Coherent).

For the analysis of primed conversion in live cells, transfected cells were
either kept in dark, or illuminated only with 405 nm (5% of maximum power)
or 458 nm (50% of maximum power), or simultaneously illuminated with 458
nm (50% of maximum power) and 730 nm (100% power) lasers for 15 s at 24
hours after transfection. Cells were imaged and manually counted using Fiji

software 24 hours after illumination.

95



2.4.11 Statistical analysis.

All data are expressed as means * s.d. Sample sizes (n) are listed with each
experiment. No cell culture samples were excluded from analysis for any reason.
No randomization or blinding was used. For protein translocation, whole-cell
patch clamp electrophysiology, and cell blebbing experiments, Student’s t-test
(two-tailed) was used to analyze significant differences between group means.
Results were reported as: P = P-value and t (degrees-of-freedom (df)) = t-value.
For summary data of dye uptake, one-way ANOVA (two-tailed) was used,
followed by Tukey post hoc test for multiple comparisons. For time-lapse data
of dye uptake and ATP release experiments, two-way ANOVA (two-tailed) was
used, followed by Sidak post hoc test for multiple comparisons. Results for
ANOVAs were reported as: P = P-value and F' (dfaumerator, dfdenominator) = F-value.
For all statistics, ns = P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001. The
significance level () was set to be 0.05 for all statistical analysis. There was no
estimate of variation within each group of data. Equal variances were not
assumed. A normal distribution of each group was verified by the Shapiro-Wilk
normality test. Power analysis (power > 80%) for each experiment to validate

sample size was done by Stata 12 (STATA).
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Chapter 3: Development of a pH-sensitive near-
infrared fluorescent protein

3.1 Introduction

Fluorescent protein (FP)-based indicators are among the most impactful
and widely-used optogenetic tools. These tools allow researchers to image
biological events, such as protein interactions, bioanalyte flux, and enzymatic
activities, in real time [256]. Among these biological events, the fluctuations of
small molecule and ion bioanalytes, including Ca**, ATP, CI', NO and H+, are
particularly important to cell physiology. A broad range of optogenetic reporters
have been developed based on the principle of FRET or allosteric effect (as
described in section 1.6.5) to monitor the concentration of small molecules and
ions in live cells. However, to indicate H' concentration (i.e., pH), GFP and its
analogues have a built-in sensing mechanism: the protonation and
deprotonation of the chromophore phenolate group causes reversible changes
in the fluorescence profile [334].

In 1988, Miesenbdock et al. explored this mechanism and engineered two
classes of pH-sensitive GFPs (pHluorins) by substituting several key amino acid
residues in the vicinity of the chromophore [15]. The resulting pHluorins
undergo intensiometric (ecliptic) or ratiometric fluorescence changes in
response to physiological pH changes. Superecliptic pHluorin (SEP), a mutant
of ecliptic pHluorin with enhanced fluorescence, was later reported [335]. The
SEP protein has been extensively used to study exocytosis [335-339],
endocytosis [338-342], and autophagy [343], by fusing it to relevant

membrane-associated proteins at the luminal side of targeted vesicles. Red FPs
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with pH dependence have also been developed [344-347], and used in
conjunction with blue-light activated optogenetic tools (e.g., GCaMPs and
ChRs), for two-colour imaging or all-optical assays. However, the development
of even further red-shifted pH biosensors has been hindered due to the limited
wavelength range of GFP-like proteins [348].

To expand the colour palette of pH-sensitive FPs to the near-infrared (NIR)
region, we switched our focus to fluorescent variants of biliverdin (BV)-binding
bacterial phytochrome photoreceptors (BphPs) [291]. In recent years, a series
of NIR FPs have been engineered from various BphPs (Table 3.1). This series
of NIR FPs are distinct from each other in terms of excitation and emission
spectra, in vitro brightness (determined as extinction coefficient x quantum
yield), oligomeric state, and, most importantly, brightness in mammalian cells.
Brightness in cells is a function of multiple parameters including absolute (in
vitro) brightness, BV binding efficiency, and protein expression level. The NIR
FPs have been used to track protein location and dynamics in live cells, and as
genetically encoded contrast agents for deep tissue fluorescence imaging.
Another burgeoning application of NIR FPs (or their non-fluorescent analogues)
is as the contrast agents for photoacoustic tomography (PAT) that detects
ultrasonic waves rather than emitted photons, generated by photoexcited
molecules [349-351]. Compared with fluorescence imaging that provides either
high resolution with short imaging depth or low resolution with long imaging
depth, PAT enables deep tissue (up to centimeters) imaging with relative high
spatial resolution (~1/200 of imaging depth) [352]. PAT has opened a new era
of deep tissue imaging and produced a huge demand for genetically encoded

NIR biosensors.
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However,

despite the ever-growing repertoire of NIR FPs,

the

development of BphP-based biosensors has lagged far behind the development

of biosensors based on avGFP homologues. The only reported examples of

BphP-based biosensors have been based on the principle of protein-fragment

complementation. The BiFC indicators, including iSplit derived from iRFP

[353], IFP PCA (protein-fragment complementation assay) derived from IFP1.4

[354], and miSplit derived from miRFP [291], have been utilized to study PPIs

in mammalian cells. As there are a growing number of NIR FP colour variants

(Table 3.1), it is very likely that FRET-based NIR biosensors will be reported

in the near future. Developing NIR biosensors based on allosteric effect or built-

in protonation-deprotonation mechanism is a more challenging endeavour, but

our lab is currently leading this exploration.

Table 3.1.

Properties of NIR FPs engineered from bacterial phytochromes.

Brightness in
Ae Aemi | Brightness® | Oligomeric mammalian
il i 1Is relati b
FP (nm) | (nm) | (mM"'cm™) state c:; :1{;1?711‘; pK.* |Ref.
(%)’
IFP1.4 683 | 705 6.4 Weak dimer| 8 >0.0 |[288]
8, ~100
IFP2.0 | 690 | 711 79 |Weak dimer| (COSXPressed| _g 5 355
with heme
oxygenase)
15
290
mIFP 683 | 704 6.9 Monomer (105)} 8.9 [290]
iRFP670 | 643 | 670 13.9 Dimer 119 >10 [[356]
iRFP682 | 663 | 682 10.0 Dimer 105 >10 [[356]
iRFP702 | 673 | 702 7.6 Dimer 61 >10 [[356]
iRFP713 | 690 | 713 6.2 Dimer 100 >10 [[357]
iRFP720 | 702 | 720 5.8 Dimer 110 >10 |[356]
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mIRFP670( 642 | 670 12.2 Monomer 72 >0.5 [[291]
mIRFP703| 673 | 703 7.8 Monomer 37 >0.5 [[291]
mIRFP709| 683 | 709 4.2 Monomer 30 >0.5 |[291]

* Calculated as extinction coefficient x quantum yield.

T Determined as NIR fluorescence intensity normalized by coexpressed GFP
in transfected live HeLa cells with no supply of exogenous BV, and
measured by Shcherbakova et al. [291].

+ For the proton associated with the N of BV ring C (Figure 3.1).

§ The value in parenthesis was measured by Yu et al. [290].

In this Chapter, we describe our efforts to engineer a pH-sensitive NIR FP,
pH-mIFP. The initial pH-sensitive variants were designed semi-rationally. To
evolve them for enhanced function, we developed a bacterial colony-based
high-throughput screening strategy allowing us to directly evaluate the
brightness and pH sensitivity of each variant in Petri dishes. The work led to the
identification of pH-mIFP which has been applied in live cells to indicate pH
changes. We expect that pH-mIFP could be useful for deep-tissue imaging to
report tissue acidification following ischemia as occurs during acute stroke or
in tumors [358,359]. It could also be combined with other shorter wavelength

biomolecular tools for multi-colour optogenetics.

3.2 Result and discussion

3.2.1 Rational design and library screening

As monomeric NIR FPs are generally more useful than dimeric FPs for
subcellular targeting [206,207], we chose mIFP [288] and a monomeric NIR FP
derived from Rhodopseudomonas palustris BphP1 (called ‘mFBphP1’ in this
thesis), as the templates from which to engineer NIR pH biosensors. The

mFBphP1 is an unpublished result from the Edward Boyden lab. It was the best
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monomeric NIR FP we were aware of when we initiated this project, and is
comparable to the recently published mIRFPs (Table 3.1) in terms of the
brightness in mammalian cells.

In phytochrome proteins, the BV chromophore is typically protonated at
the nitrogen atom of ring C with a positive charge distributed over both B and
C rings (Figure 3.1) [360]. The pKa values of most NIR FPs are over 9.0 (Table
3.1) and, accordingly, their fluorescence is largely invariant through the
physiological pH range (5.5 — 8.5). In contrast, most of traditional FP-based pH
indicators (i.e., those based on avGFP homologues) have pK, values around 7.0.
Therefore, we decided to explore the possibility of mutating amino acid residues
surrounding the BV chromophore as a means to shift pKas of the templates into
the physiological region. Inspired by a previous study on the pKys of several
bacterial phytochrome mutants [360,361], we chose to target three positions
(193, 199 and 252) for site-directed mutagenesis (Figure 3.1). The positions are
numbered as in mIFP (Figure 3.2). Residues 199 and 252 can interact with the
chromophore via direct hydrogen binding or through a hydrogen bond network.
Residue 193 has been reported to influence the pKa, of phytochrome Agp2 from
Agrobacterium tumefaciens [361]. We hypothesized that mutating these
residues may lead to deprotonation of the chromophore at neutral pH, and thus
the resulting proteins would exhibit pH dependent fluorescence changes within
the physiological range. To test this hypothesis, we created gene libraries with
both templates. In each library, one of the three positions was fully randomized
to all 20 amino acid possibilities. We also simultaneously randomized two of
the three positions to create three additional libraries for each template, each

with 20 x 20 = 400 amino acid possibilities.
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193

252

Figure 3.1. Structural representation of mIFP and mFBphP1. It is rendered
from the structure of a monomeric bacterial phytochrome from Deinococcus
radiodurans (PDB 1D 41JG [362]). The positions chosen for site-directed
mutagenesis to generate the initial pH-sensitive variants and BV chromophore

are coloured cyan and green, respectively.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

mIFP MsVvPLTTSAFGHAFLANCEREQIHLAGSI QPHGI LLAVEKE
mIFP(T1995) M 5 V P L T T S AFGHAFLANCEREQIHLAGS I QPHGI LLAVKE
mIFPF(TI99N) M S V P L T T S A F GHA F LANCEREQIHLAGS I QPHGI LLAVKE
miFP(H252Q) M S V P L T TS AFGHAFLANCEREQIHLAGS I QPHGI LLAVEKE
pH-mIFP MSVPLTT ﬂ AFGHAFLANCEREQIHLAGS I QPHGI LLAVKE

41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80

mIFP PDNVVIQASINAAEFLNTNSVVGRPLRDLGGDLPLAQI LPH
mIFP(T1995) P D N VV | QA S I NAAEFLNTNSVVGRPLRDLGGDLPLQILPH
mIFP(TI99N) P D N V V | Q A S I NAAEFLNTNSVVGRPLRDLGGDLPLQI LPH
miIFP(H252Q) P D N VV | QA S I NAAEFLNTNSVVGRPLRDLGGDLPLQI LPH
pH-mIFF P D N V V I QA S | N A EFLNTNSVVGRPLRDLGGDLPLQI LPH
81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120

mIFP LNGPLHLAPMTILRCTVGSPPRRVDCTIHRPSNGGLI I VETLETE
mIFP(T1995) L N G P LHLAPMTILRCTVGSPPRRVYVDCTIHRPSNGGILIVEITLE
mIFP(TI99N) L N G P LH L APMTLRCTVYGSPPRRVDCTIHRPSNGGTLIVEILE
miIFP(H252Q) L N G P LHLAPMTILRCTVGSPPRRVDCTIHRPSNGGLIVEILE
pH-mIFP LNGPLHLAPMTILRCTVGSPPRRVDCTIHRPSNGGILRgV ETLE
121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160

miFP PATKTTNIAPALDGAFHRITSSSSLMGLCDETATI1I I REIT
mIFP(T1995) P AT K T T NI APALDGAFHRITSSSSLMGLCDETATI I REIT
mIFP(TI99N) P AT K T T N I APALDGAFHRITSSSSLMGLCDETATI I REIT
mIFP(H2520) P AT K T T NI APALDGAFHRITSS5S5SSLMGLCDETATI I REIT
pH-miIFF P A T K T T N I AP A LDGAF “ R 1 TS5 s SL GLCDETATI I REIT
161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200

mIFP GYDRVMVVRFDEEGNGEILSERRRADLEAFLSG . RY P AS |

mIFP(T1995) G Y D R VMV VR FDEEGNGETILSERRRADLEAFLGNRYFPAS

mIFP(TI99N) G ¥ D R VM V VR FDEEGNGEILSERRRADLEAFLGNRYUPAS |
mIFP(H2520) G Y D R VMV VR FDEEGNGETILSERRRADLEAFLGNRYPAST.I
pH-mFF G Y D R VMV VR FDEEGNGEILSERRRADLEAFLGNRYZ PASHE!
201 202 203 204 205 206 207 208 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 240

mIFP PQI ARRLYEHNRVRLLVDVNYTPVPLQPRISPLNGRDLDM
mIFP(T199s) P Q | ARR LY EHNRVRLLVDVNYTPVPLQPRISPLNGRDLDM
miFP(TI99N) P Q | AR R L Y EHNR VR L LVDVNYTPVPLQPRISPLNGRDLTDM
mIFP(H2520) P Q | AR R L Y EHNRVRLLVDVNYTPVPLQPRISPLNGRDILTDM
pHmIFP P Q | ARR LY EHNRVRLLVDVNYTPVPLQPRI SPLNGRDLTDM
241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260 261 262 263 264 265 266 267 268 260 270 271 272 273 274 275 276 277 278 279 280

mIFP SLSCLRSMSPI . QKYMQDMGVGATLVCSLMYSGRLWGLI A
mIFP(T199s) S L S C L R S. S P 1 HAQ K.M QDMGVGATLVCSLMVSGRLWGLI A
mIFP(TI9®9N) S L S C LR SMSP I HQKYMQDMGVYGATLVCSLMVSGRLWGLI A
mIFP(H252Q) S L S C L R S M S P | QKYMQDMGVYGATLVCSLMVYSGRLWGLI A
pH-miFP S L S C L R SRS P HQKYMQDMGVGATLVCSLMYSGRLWGL I A
281 282 283 284 285 286 287 288 289 290 291 292 293 294 295 296 297 298 299 300 301 302 303 304 305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 320

mIFP CHHYEPRFVPFHIRAAGEALAETCAIRIATLESTFAQSAQSK
mIFP(T199s) C HHY EPRFVPFHIRAAGEALAETCAIRIATLESTFAQSAQSK
mIFP(TI99N) C H H Y EP R F VP FHIRAAGEALAETCAIRIATLESFAQSQSK
mIFP(H2520) C H H Y EPRFVPFHIRAAGEALAETCAIRIATLESTFAQSAQSK
pH-mFP CHHY EPRFVPFHIRAAGEALAETCAIRIATLESTFAQSAQSK

Figure 3.2.

Sequence alignment of mIFP

and pH-sensitive variants.

Mutations relative to mIFP are represented as white text on a black background.

The positions randomized for the initial pH-sensitive variants are represented

as black text on a red background. The positions randomized on mIFP (T199S)

for improved variants are represented as black text on a green background.

To identify the pH-sensitive variants within these libraries, we designed a

bacterial colony-based high-throughput screening strategy. We took inspiration

from a previous study on bacterial cytosolic pH [363], and reasoned that

addition of a permeant acid (e.g., acetic acid) could effectively cause
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cytoplasmic acidification (from pH 7.5 to 5.5) in bacterial colonies. To test this
hypothesis, we separately transformed E. coli with genes encoding the red FP-
based pH indicators, pHuji and pHtomato [346,347]. The transformed E. coli
were grown on LB-agar media in Petri dishes. The expression of pHuji and
pHtomato were induced with L-arabinose, and visualized in bacterial colonies
using a custom-built colony screener [321]. We acquired red fluorescence
images of the Petri dishes before and after overlaying a layer of acidic agar
aqueous solution (0.75% agar, 50 mM sodium acetate, 35 mM MES, pH 5.5,
~45°C) on the colonies. The resulting images were then analyzed. The result
revealed that the acidic agar overlay led to a decreased red fluorescence in
colonies expressing pHuji and pHtomato (Figure 3.3). The calculated dynamic
ranges (ratio of intensity at pH 7.5 to intensity at 5.5), in the context of E. coli
colonies, were ~18-fold and ~2.2-fold for pHuji and pHtomato, respectively.
These fluorescent changes are consistent with the in vitro characterizations of
pHuji and pHtomato, which displayed 22-fold and 3-fold fluorescence increases
respectively when pH was changed from 5.5 to 7.5 [346]. This effort
demonstrated the potential of this method for screening improved pH-sensitive

FPs.
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Ratio (Initial/Post)

Phuiji

pHtomato

Figure 3.3. Validation of cytoplasmic acidification induced by acidic agar
overlay. Fluorescence images of E. coli colonies expressing pHuji (top row)
and pHtomato (bottom row) were acquired before and after agar addiction. The

dynamic ranges were calculated based on the images of colonies.

We proceeded to use this strategy for screening the libraries of NIR FPs to
identify the most highly pH-sensitive variants. A bicistronic plasmid was used
to co-express the NIR FP variant and the enzyme hemeoxygenase, which is
necessary for production of BV from endogenous heme in E. coli [288,364].
The screening led to the identification of three pH sensitive fluorescent variants
derived from mIFP. These variants, mIFP (T199S), mIFP (T199N) and mIFP
(H252Q), were dimly fluorescent at pH 8.5, and exhibited ~11-fold, ~4-fold and
~3-fold higher fluorescence intensity, respectively, at pH 5.5. The Hill
coefficient (ny) for each variant was also determined (Table 3.2). Unfortunately,
we did not identify any pH-sensitive variants from any of the libraries that were
created using the mFBphP1 template.

Table 3.2.

In vitro characterization of pH-sensitive NIR FPs.
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Fluorescence
hest® [ Remi® € ® |Brightness™ 1 | fold change
e @m) | (am) [@mMem)| (%) | mMtem?) [ ™ PKa" | o 8%575.5)
mlIFP 683 | 704 82 8.4 6.9 -0.83 89| 1.5+£0.1
mlIFP
(T1995) 680 | 704 67 1.2 0.8 064|170 111.4+0.2
mlIFP
(T199N) 682 | 704 69 1.6 1.1 -050] 72| 41+0.3
mlIFP
(H252Q) 678 | 704 85 2.7 2.3 -044 | 78 | 2.7£0.5
pH-mIFP | 680 | 706 88 5.9 5.2 061701 9.8+0.7

§ Aexi and Aemi are the wavelengths of excitation and emission maxima at pH

5.5.

* Calculated as extinction coefficient (¢) X quantum yield (®) at pH 5.5.

I For the proton associated with the N of BV ring C (Figure 3.1).

+ Values are means + s.d.
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Figure 3.4. Spectra and pH titration curves of mIFP and its pH-sensitive
variants. (a) Excitation (dashed) and emission (solid) spectra of mIFP, mIFP
(T199S), mIFP (T199N) and mIFP (H252Q) at pH 5.5 (red lines) and 8.5 (black
lines). (b) pH titration curves of the indicated FPs. The data points from pH 5
to 11 were used for curve fitting. Values are means + s.d. (n = 3 independent

experiments).
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3.2.2 Directed evolution and characterization

The fluorescent spectroscopic characterization indicated that the apparent
pKa of the initial pH-sensitive mIFP variants were shifted to the neutral pH
region (Table 3.2 and Figure 3.4). However, the in vitro brightness of these pH
sensitive variants was greatly reduced compared with mIFP (Table 3.2). We set
out to rescue the fluorescence and improve the pH sensitivity by applying a
combination of rational design and directed evolution. We chose mIFP (T199S)
as the template for further optimization because of its pronounced pH sensitivity
(Table 3.2). We selected several residues (1200, M248, Y255) (Figure 3.2) in
close proximity to the BV for saturating site-directed mutagenesis. These efforts
were followed by multiple rounds of random mutagenesis of the whole gene
using error prone PCR. The resulting libraries were screened by fluorescence
imaging of bacterial colonies for enhanced fluorescence, improved pH
sensitivity, or a combination of both. After preselection, the candidate clones
were cultured, purified, and subjected to a secondary screen in microplate
format to determine the fold changes and pKas. A mixture of 3 — 5 of the best
variants was used as the template for the next round of library creation (Figure
3.5). This effort ultimately led to the identification of pH-mIFP with a pKa of
7.0 (Figure 3.6 and Table 3.2). Compared with mIFP (T199S), it is
significantly brighter (~75% of the mIFP brightness), and exhibits a similar pH
sensitivity (~10-fold fluorescence increase from pH 8.5 to 5.5) and ny (-0.61)
(Figure 3.6 and Table 3.2). To demonstrate the usefulness of pH-mIFP for live
cell imaging, we cloned the gene encoding pH-mIFP into the pDisplay vector
such that the pH-mIFP protein would be anchored to the cell surface via a C-

terminal fused transmembrane domain derived from platelet-derived growth
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factor receptor [365]. This vector was used to transfect HeLa cells which were
then imaged in buffered solutions ranging from pH 5.5 to 8.5. The fluorescence
of HeLa cells expressing pDisplay-pH-mIFP was pH sensitive, exhibiting ~3-
fold decrease from pH 5.5 and 8.5 and an apparent pK. of 7.2 (Figure 3.7). The
pH sensitivity in this context was less pronounced than that characterized in
vitro, most likely due to the presence of an intracellular portion of protein that
was not secreted to the cell surface, and thus inaccessible to extracellular pH

changes [346].
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Figure 3.5. Schematic representation of the directed evolution process of

pH-mIFP.
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Figure 3.6. Spectra and pH titration curve of pH-mIFP. (a) Excitation
(dashed) and emission (solid) spectra at pH 5.5 (red lines) and 8.5 (black lines).
(b) pH titration curves of pH-mIFP. The data points from pH 5 to 11 were used

for curve fitting. Values are means + s.d. (n = 3 independent experiments).
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Figure 3.7. Characterization of pH-mIFP on the surface of live cells. (a)
Fluorescence images of HeLa cells transfected with pDisplay-pH-mIFP. Scale
bar= 10 uM. (b) Fluorescence intensities (normalized with intensities at pH 5.5)
of pH-mIFP expressed on the surface of HeLa cells. Values are means + s.d. (n

=3 cells).

3.3 Conclusion

By utilizing rational design and directed evolution, we have developed a
NIR fluorescent pH indicator, pH-mIFP, with an in vitro intensiometric
fluorescence change of 9.8 + (.7-fold increase upon decreasing pH from 8.5 to
5.5. It has an apparent pK, of 7.0, which is close to optimal for reporting pH
changes in the physiological range, though its pH sensitivity (as characterised
by nn) is relatively low compared with GFP and RFP-based pH indicator such

as pHluorins and pHuji that have ny values of 1.90 and 1.10 respectively
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[15,335,346]. pH-mIFP is an inverted pH sensor, as it exhibits a fluorescence
decrease with increasing pH, which is opposite to the response of all known
pH-sensitive FPs. This unique and intriguing property of pH-mIFP may be
advantageous in a number of applications, such as the labeling of acidic
intracellular vesicles like endosomes, exosomes and maturated autophagosomes.
In these cases, we might expect a low background fluorescence attributable to
any pH-mIFP protein that is not in an acidic vesicle. As of yet, the utility of pH-
mlIFP for multicolour optogenetics and deep-tissue imaging remain to be
demonstrated. However, we optimistically expect that the high-throughput
screening methods we invented for pH-mIFP will prove widely useful to

engineer other improved pH-sensitive FPs.

3.4 Materials and methods

3.4.1 General molecular biology methods
The general molecular biology methods used in this chapter were same to

those described in section 2.4.1.

3.4.2 Library creation and screening

The DNA encoding mIFP was amplified by PCR amplification from
pLenti CMV_mlIFP IRES EGFP, a gift from Xiaokun Shu (Addgene plasmid #
72443) [355]; and similarly, the DNA encoding mFBphR1 was amplified from
pcDNA-mFBphR1, an unpublished vector from the Edward Boyden lab. The
bicistronic bacterial expression vectors of mIFP and mFBphR1 were derived
from pBAD-smURFP-RBS-HO-1, a gift from Erik Rodriguez & Roger Tsien

(Addgene plasmid # 80341) [364]. The genes encoding mIFP and mFBphR1
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were separately digested, and inserted between the BamHI and EcoRI sites of
pBAD-smURFP-RBS-HO-1 in place of smURFP.

For the generation of initial pH-sensitive variants, the codons for residues
193, 199 and 252 were mutated to NNK (encoding all 20 amino acids, where N
=A, G, C, Tand K =G, T) individually to create libraries with single mutation;
and two codons for residues 193 and 199, 193 and 252, or 199 and 252, were
mutated to NNK simultaneously to create libraries with double mutations. The
site-directed mutagenesis was performed using QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent Technologies). For improved fluorescence
and pH sensitivity, the site-directed mutagenesis libraries were created with
mlIFP (T199S) by mutating the codons encoding residues 1200, M248 and Y255
to NNK separately. The following random mutagenesis was generated by error-
prone PCR amplification.

DHI10B competent cells (ThermoFisher Scientific) were transformed with
these gene libraries and grown as colonies on Luria-Bertani (LB) agar plates
supplemented with 100 pg/mL ampicillin and 0.02% L-arabinose. NIR
fluorescence images of colonies were acquired using a custom-built colony
screener [321], equipped with optical filters (Semrock) with the following
wavelengths/bandwidths (in nm): excitation 650/60 and emission 795/150. To
prepare acidic agar overlay, agar was first mixed pure water. The mixture was
heated to melt the agar, cooled to ~45°C at room temperature and added with
prewarmed 10x acidic buffer, to get an acidic agar aqueous solution (0.75%
agar, 50 mM sodium acetate, 35 mM MES, pH 5.5, ~45°C). Each plate was
gently overlaid with 15 mL of the acidic agar solution. NIR fluorescence images

of colonies were acquired again immediately after the agar solidified. Libraries
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were screened by fluorescence imaging to identify colonies that were dimly
fluorescent before and exhibited high brightness after the addition of acid agar.
Data analysis was performed by software Image-Pro 6.0 (Media Cybernetics)

or ImagelJ (open source).

3.4.3 Protein purification and in vitro characterization

The genes encoding mIFP, mIFP (T199S), mIFP (T199N), mIFP (H252Q),
and pH-mIFP in the bicistronic vector were used to transform E. coli strain
DHI10B or Top10 using Micropulser electroporator (Bio-Rad Laboratories). LB
media supplemented with 100 pg/mL ampicillin was inoculated with these
transformants and the cultures were allowed to grow to an ODgoo=0.5. Cultures
were induced with 0.02% L-arabinose and allowed to grow overnight at 28 °C,
after which the E. coli were harvested by centrifugation and lysed by cell
disruptor (Constant Systems Ltd). The proteins were purified with Ni-NTA
agarose (Mclab). The purified protein was concentrated in Tris buffered saline
(TBS: 10 mM Tris-Cl, 150 mM NacCl, pH 7.5), using an Amicon Ultra-15 mL
Centrifugal Filter Unit with Ultracel-10K membrane (EMD Millipore).

Absorbance spectra were acquired with a DU-800 UV-visible
spectrophotometer (Beckman). Fluorescence spectra were acquired with a
Safire2 platereader (Tecan). Protein concentrations were determined by the
Pierce BCA kit (Thermo Fisher Scientific). pH titration buffers from pH 2 to 11
were prepared according to the Carmody buffer system [366]. The concentrated
protein solutions were diluted with pH titration buffers at pH 5.5 and 7.0 with
the same concentration. The extinction coefficient at pH 5.5 for each variant
was determine by comparing the absorbance value of the 680-nm peak at pH

5.5 with the absorbance value of the 390-nm peak at pH 7.0. The absorbance
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measured at 390 nm was assumed to have the extinction coefficient of the free
BV at pH 7.0, which is 39.9 mM ! cm™! [290].

Fluorescence quantum yield (®) was determined using mIFP as standard.
Briefly, for each variant and mIFP, the concentrated protein solution was diluted
with pH titration buffer at pH 5.5 to make a serious of protein solutions with
absorbance values ranging from 0.2 to 0.6. For each serious, fluorescence
emission spectra were acquired, and the integrations of the total fluorescence
intensity were plotted against their absorbance values. The slope (S) was
determined by linear regression. Quantum yield of the pH-sensitive variant was
then determined by using the following equation: @vagant = Pmirp X
(Svariant/ SmiFp).

The pH titration was performed by dispensing 5 nL of the concentrated
protein solution into 95 pL of the desired pH buffers in a 96-well plate (Thermo
Fisher Scientific). The apparent pKa. and Hill coefficient (nn) were determined
by fitting the pH titration data to the following equation (F stands for the

normalized fluorescence intensity):

Fmax - Fmin
F= Fon + 1 4+ 10®@Ka—PH)xny

3.4.4 Plasmid construction

The genes encoding pHuji and pHtomato were amplified by PCR
amplification from pDisplay-pHuji and pDisplay-pHtomato, respectively. The
genes were then separately digested and inserted between the Xhol and HindIIl
sites of pBAD/His B (Thermo Fisher Scientific), to yield the bacterial

expression vectors for pHuji and pHtomato. To construct pDisplay-pH-mIFP
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vector for mammalian cell expression, the gene encoding pH-mIFP was cloned

between the Bg/Il and Sall sites of pDisplay-pHuji in place of pHuji.

3.4.5 Cell treatments and imaging conditions

HeLa (ATCC CCL-2) cells were grown from the original frozen stock
without authentication or mycoplasma detection, and maintained at 37 °C and
5% COz in complete cell culture medium (Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 10% GlutaMAX
(Thermo Fisher Scientific), 1% penicillin, and 1% streptomycin). Cells were
seeded in 35 mm glass bottom cell culture dishes (Cellvis), and cultured until
they reached 40-60% confluency. Then, the HeLa cells were transiently
transfected with 2 pg of DNA mixed with 4 pL Turbofect transfection reagent
(Thermo Fisher Scientific) according to the manufacturer's protocols and
cultured for 24 hours prior to experiments.

For cell imaging, the culture medium was changed to Hank's Balanced Salt
Solution (HBSS). The pH titration solutions were prepared using the HBSS
solution, which was buffered at pH 8.5 and 7.5 with 20 mM HEPES, and at pH
6.5 and 5.5 with 20mM PIPES and MES respectively. Fluorescence images
were acquired using a Nikon Eclipse Ti microscope that was equipped with a
75 W Nikon xenon lamp, a 16-bit 512SC QuantEM CCD (Photometrics), and a
40x objective and was driven by a NIS-Elements AR 4.20 software package
(Nikon). Filter sets had the following wavelengths/bandwidths (in nm):
excitation 650/60, dichroic mirror 715dclp and emission 795/150. The buffer
solutions were changed with 10 ml syringes during imaging. Image analysis was

performed using ImageJ software (open source).
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Chapter 4: Conclusion and future directions

4.1 Summary of thesis

Optogenetics facilitates the precise interrogation of biological processes
which display enormous diversity in the mechanism and spatiotemporal scale
of molecular actions. In the last decade, the emergence of new classes of
optogenetic tools has enabled the optical control of a variety of well-defined
biological events. However, owing to complexity of biological system,
optogenetics remains a burgeoning field. The development of new tools with
generalizable photosensory mechanisms and advanced optical properties is
highly desirable.

Despite the relatively rapid expansion of the optogenetic toolbox, the
photosensory mechanisms used to design optogenetic actuators de novo are
limited to just two main categories: 1. light-dependent steric or allosteric control
mediated by animal opsins, AsSLOV2, and PYPs; and 2. light-induced switches
between the oligomeric states of proteins including LOVTRAP, VVD, CRY2,
UVRS, Dronpa, and phytochromes. This limited number of options for
designing new optogenetic actuators has limited the range of biological
processes that can be subjected to optogenetic control. To address this
deficiency, we engineered a photocleavable protein (PhoCl) that spontaneously
dissociates into two fragments after violet-light-induced cleavage of a specific
bond in the protein backbone. PhoCl was adapted to control protein
translocation, gene expression, and protein activity in live cells. The work in
Chapter 2 demonstrates the utility of the fully genetically encoded

photocleavage mediated by PhoCl, as a third category of generalizable
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photosensory mechanism for the development of optogenetic actuators.

Optogenetic imaging heavily relies on the development of indicators based
on GFP-like proteins. Although tremendous efforts have been made to engineer
further red-shifted variants, the practical wavelengths used to excite GFP-like
proteins are still restricted to the visible wavelength range. It would be ideal to
have a series of similar fluorescent indicators at wavelengths in the NIR optical
window, which is optimal for biological imaging in many aspects (as described
in section 1.7). The bilin-binding photoreceptor proteins, including
phytochromes [289] and allophycocyanin [364], have been engineered for
genetically encoded NIR fluorescence as a complement to the conventional FP
technology. The development of NIR FP-based indicators is drawing increased
attention, but remains challenging. In Chapter 3, we presented our efforts to
engineer a NIR fluorescent pH indicator, pH-mIFP, which exhibits an inverted
intensiometric fluorescence change compared with the existing FP-based pH
indicators. The initial pH dependence of the fluorescence was introduced to
mIFP using rational design. The following rounds of directed evolution resulted
in variants with improved brightness and photosensitivity. To screen libraries
containing up to tens of thousands of mutants, we designed a high-throughput
screening strategy which enabled direct estimation of pH responses in bacterial
colonies and facilitated the process of directed evolution. This work led to the
identification of pH-mIFP which has been applied to indicate pH changes on
the surface of mammalian cells.

In summary, this thesis described the development, optimization and
application of PhoCl and pH-mIFP technologies. In the following sections of

this concluding chapter, we present our general perspectives and prospective
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applications for each technology.

4.2 PhoCl: General perspectives and future application

In Chapter 2 we described the development of optogenetic actuators based
on a novel photosensory domain PhoCl, which is essentially a circularly
permutated version of a green-to-red photoconvertible FP, with its new N- and
C-termini at the C-terminal end of the central helix that contains the
chromophore. The photoconversion of PhoCl is a violet light (~400 nm)-
induced PB-elimination reaction on the N-terminal side of the chromophore
[216,217], which results in a red-shifted spectrum due to extension of the
conjugated system of the chromophore. This B-elimination reaction also results
in cleavage of the polypeptide backbone to form a large (~220-residue) N-
terminal fragment and a small (~10-residue) C-terminal fragment that
spontaneously dissociate. The dissociation is enabled by the circular
permutation which has minimized the interaction between the N- and C-
terminal fragments produced by photocleavage. Presumably, the relative loose
protein structure surrounding the C-terminal portion of the central helix in
PhoCl, which is a conjecture based on the crystal structure of its progenitor
mTFP [296], may play a role in promoting the dissociation. Our attempts to
circularly permute at the loop adjacent to the N-terminal portion of central helix,
which is tightly compacted by the B-barrel, did not prove fruitful.

We reported a number of results to support the utility and versatility of
PhoCl as an optogenetic technology. PhoCl uniquely enables the covalent
trapping of protein away from the action site and the intramolecular caging of
protein activity with a proteinaceous inhibitor, both of which could only be

released via the irreversible photocleavage. In reversible optogenetic systems,
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including both intermolecular (e.g., LOVTRAP, VVD and CRY2) and
intramolecular systems (e.g., AsSLOV2, BLUF, PYPs and Dronpa), the resting
and activated states of the photosensory domain are in equilibrium. Illumination
shifts this equilibrium towards the activated state. However, even in the dark
there will always be a small fraction of the protein that exists in the activated
state. In contrast, the covalently bonded nature of PhoCl's dark state means that
there is no equilibrium between bound and released states prior to illumination,
and consequently no released state exists in the dark. Upon transient
illumination of PhoCl, the trapped or caged POI are released on the timescale
of minutes, and the activated proteins persist until they are degraded in cells.
According to these features, PhoCl is particular suitable for cell manipulation
applications that require protein cleavage, low levels of dark-state activity,
transient illumination for photoactivation, and long-term action.

One potential issue with PhoCl technology is the requirement of high-
energy violet light to elicit photocleavage, which might lead to phototoxicity. It
has been reported that the maximum dose of 405 nm light that cells can tolerate
is ~50 J/cm? at an irradiation intensity of ~20 W/cm?, though the use of short
pulses of light could further reduce phototoxicity as determined by the ratio of
apoptotic to viable cells [367]. The total doses of light used in the applications
described in Chapter 2 were all close to or below this level, and at much lower
light intensities (0.015 — 0.8 W/cm?). No significant photodamage effects
including plasma membrane permeabilization, cell morphology perturbation
and cell death, were observed under these conditions. Regardless, the use of
violet light will still remain a concern for users of PhoCl technology in the future.

In an effort to address concerns over phototoxicity, we have demonstrated
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that the photocleavage can also be induced by primed conversion [307] with
lower energy 458-nm and 730-nm light. However, the efficiency of primed
conversion is much lower than that of regular photoconversion and this
approach may be insufficient if robust photoactivation of PhoCl-based actuators
in live cells is required. Another avenue is to enhance the photoconversion
efficiency at 405 nm, which in turn would reduce the amount of violet light
required for effective photoactivation. The photoconversion efficiency of
photoconvertible FPs (PCFPs) has not received much attention in previous
research, as it alone is not the key criterion for the performance of PCFPs for
super-resolution microscopy, which has been the most prevalent application of
PCFPs [368]. It has been reported by our lab that the photoconversion efficiency
of another monomeric PCFP, mEos2, is 2.4% higher than that of mMaple, when
determined by the amount of red-state proteins after 1 min conversion in a
custom-built LED chamber (405 nm, 0.15 mW/mm?) [295]. However, the use
of mEos2 as a fusion tag for super-resolution imaging has been somewhat
limited, possibly due to its tendency to form oligomers [369]. Truly monomeric
variants of mEos2, mEos3.1 and mEos3.2, have been developed [369]. Both of
these variants, especially the fast-folding mEos3.2, are attractive templates for
engineering the next generation of PhoCl that would exhibit higher
photoconversion efficiency. However, the reengineering of PhoCl based on Eos
proteins might be a highly time-consuming endeavour.

We believe further directed evolution of the current PhoCl variant is a
relatively low-risk endeavour. Although efficient photoconversion has been
taken into account during the development of PhoCl, fluorescence-based

methods for library screening in bacterial colonies proved to be not particularly
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effective, as PhoCl does not have particularly bright fluorescence, and
fluorescence is not even a necessary property of further improved variants.
Non- or weakly fluorescent mutants could easily be ruled out during screening,
when the loss of green fluorescence was used to determine the efficiency of
photoconversion. A high-throughput screening method that enables direct
estimation of photocleavage in colonies would accelerate efforts to identify
PhoCl mutants with improved photoconversion. To design such a method, we
need to couple the photocleavage of PhoCl with the conditional protein
activation systems that could produce signal readouts. Before proceeding with
the detailed strategies, we must carefully consider other aspects that might be

critical for the performance of PhoCl.

Table 4.1.
Comparison of the photosensory domains used in optogenetic actuators.
Protein Aon’ | Aot | Turn-on* | Turn-off*
domain S L0 (nm)|(nm)| speed speed Ref.
) . . 400 .
Microbial Retinal; oy milliseconds
. to | NA |milliseconds| . [53]
opsins endogenous 600 in the dark
seconds to
ASLOV2 EMNS 1 450 |NA | seconds | tensof | [370-
endogenous minutes in | 372]
the dark
tens of
FAD; seconds to {[99,371,
VVD endogenous 450 | NA | seconds days in the | 373]
dark
minutes to
CRY2 FAD; 1450 |NA | seconds | ftemsof 13,122,
endogenous minutes in | 139]
the dark
FAD: seconds to
BLUF ’ 450 | NA | seconds | minutesin | [153]
endogenous
the dark
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milliseconds

PYP en dIZ)Cg:?r;ous 450 | NA | seconds [to minutes in [1177 65],
the dark

irreversible (167

UVRS Tryptophan | 300 | NA | seconds [in non-plant 37 4]’
cells
Seconds

(tens of [228,
minutes in | 229]
the dark)
seconds [272,

Dronpa Autogenic | 390 | 490 [ seconds

PhyB PCB; 650 | 750 | seconds [(hours in the| 277,
Exogenous dark) 371
. ) seconds
hBaszirrfrlne en d(])g\e]r,lous 650 [ 750 | seconds | (minutes in [2299 43]’
phyt g the dark)
PhoCl Autogenic | 400 [ NA | minutes |irreversible | [376]

§ Aon and Aofr are the wavelengths of light that can effectively turn on and off
the systems, respectively.

* Determined as half of the time required to fully activate and reset the
systems.

Table 4.1 compares several properties of the commonly used photosensory
domains, which include turn-on and turn-off wavelengths, kinetics,
chromophore requirement, and reversibility. The comparison serves as a guide
to choosing photosensory domains for optogenetic tool development. Compared
with others photosensory domains, the primary limitation of PhoCl is the slow
turn-on kinetics which is the result of slow spontaneous dissociation after the
photocleavage of peptide backbone. Turn-on kinetics is a key criterion to be
considered when an endogenous cell signalling pathway is targeted, as the light-
induced perturbation might be compensated by native feedbacks if the turn-on
is not fast enough. To speed up the dissociation of PhoCl, we explored two
avenues: rational design and directed evolution. Rational design to reduce the
interactions between the two fragments after photocleavage proved to be

challenging, due to the lack of crystallographic data for PhoCl, especially its
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photoconverted state. Several attempts failed to yield any variant with fast
dissociation. For directed evolution, we used the loss of red fluorescence to
evaluate the spontaneous dissociation after photoconversion. Though the
variant identified (PhoCl) has faster dissociation than its prototype (PhoCl0.1),
the improvement was moderate. To engineer a PhoCl variant with substantially
faster dissociation upon photoconversion, we propose to use directed evolution
and a screening method that would allow high-throughput assessment of
photoinduced protein fragment separation.

One logical strategy to design a screening method for improved PhoCl
variants with enhanced photoconversion and rapid dissociation is to fuse the
two split fragments of a reversible protein-fragment complementation assay
(PCA) system via PhoCl. When expressed in E. coli, the fusion protein would
stay active until violet light induces the photocleavage and spontaneous
dissociation of PhoCl (Figure 4.1a). The reversible PCA systems currently
available include: IFP PCA based on IFP1.4 [354]; split UnaG derived from a
bilirubin-binding green fluorescent protein UnaG discovered in eel muscle
[377,378]; and split luciferases [379-382]. Among them, [FP PCA and split
UnaG are fluorescence-based systems. Split UnaG cannot be combined with
PhoCl due to the spectrally similar green fluorescence from both proteins. In
contrast, [FP PCA is spectrally compatible with PhoCl, however, the half-
maximal time value (771,2) of its dissociation was determined to be over one
minute [354]. These slow off kinetics would hinder the identification of PhoCl
variant that would have a much faster dissociation kinetics than IFP PCA.
Compared with IFP PCA, PCA systems based on split luciferases generally

have fast off kinetics (712 of seconds) [379-382]. One complication might be
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that the available split luciferases from firefly [379], copepod [381], sea pansy
[380], and deep sea shrimp [382], have emission spectra that overlap with the
excitation spectrum of the green or red state of PhoCl. The potential
bioluminescence resonance energy transfer (BRET) between the luciferase and
PhoCl may interfere the assessment of protein fragment dissociation. Overall,
IFP PCA and split luciferases are attractive templates but both have certain
drawbacks.

Another intriguing strategy would be to design advanced screening
methods for PhoCl based on FRET between NIR FPs. This approach has
become feasible in recent years, with the development of colour variants of NIR
FPs [289,291]. We suggest choosing a FRET pair that consists of a red-shifted
GFP-like protein like mCardinal (Aexi at 604 nm and Aemi at 659 nm) [348] and
a monomeric bacterial phytochrome-based FP mIRFP709 (Aexi at 683 nm and
Aemi at 709 nm) [291]. A FRET pair such as this could be genetically fused via
PhoCl. When expressed in E. coli, colonies would exhibit strong fluorescence
emission at wavelength range of >700 nm upon excitation at ~600 nm. Such
FRET signal would be diminished by the photocleavage and spontaneous
dissociation of PhoCl (Figure 4.1b). The extent and rate of FRET signal
decrease could reveal the photoconversion efficiency and the kinetics of PhoCl
fragment dissociation, respectively.

Finally, PhoCl-mediated caging and photo-uncaging of a fluorogenic or
chromogenic enzymes may also represent a promising strategy. Here, we take
B-lactamase as an example. To cage the activity of B-lactamase, we could fuse
a well-characterized protein [383] or peptide [384,385] inhibitor to it via PhoCl.

Upon violet light illumination, the B-lactamase would be released from
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inhibition, and could freely react with fluorogenic or chromogenic substrates
[386,387] (Figure 4.1¢). However, before bringing such a design to reality, one
must evaluate the reaction time required to produce detectable readouts after the
substrates are added to the colonies expressing active B-lactamase. The utility
of this strategy will largely depend on the activated enzyme having high
catalytic rate, and the caged enzyme having low background activity.

In addition to the appropriate design of the gene construct, the other factor
that must be considered is the duration of light illumination required for the
photoconversion of sufficient amount of PhoCl. Photoconversion in the LED
chamber used in this work takes several minutes, which is much longer than the
optimum duration (within seconds) desired for fast dissociation. Without a large
increase in photoconversion efficiency, increasing light intensity is the only
approach towards short and effective photoactivation. A 405 nm LED system
with medium to high light intensity (~10 W/cm?) would also be beneficial for
the identification of variant that undergoes decreased photobleaching upon

intense light illumination.
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Figure 4.1. Schematic representation of proposed strategies for the
discovery of improved PhoCl. (a) reversible PCAs. (b) FRET between NIR

FPs. (¢) Caging and photo-uncaging of a fluorogenic or chromogenic enzyme.

In this work, we have demonstrated several applications of PhoCl
technology that do not require fast turn-on. We anticipate that directed evolution,
using one of the proposed advanced screening methods, will lead to the
discovery of an improved PhoCl variant that rapidly photoactivates upon violet
light illumination. Such a PhoCl variant could be used to covalently trap or cage
cell signalling proteins (e.g., kinases, GTPases, and their effectors) in the dark,
and induce a surge of activity upon light illumination before any feedback loop

dampens the response. Among cell signalling proteins, autoinhibited proteins
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are particularly suitable for PhoCl-based optogenetic control. The usage of

PhoCl in studying cell signaling remains to be explored.

4.3 pH-mIFP: General perspectives and future application

In Chapter 3 we reported pH-mIFP, an inverted-response intensiometric
NIR fluorescent pH indicator. It exhibits 9.8 + 0.7-fold and 2.6 + 0.7-fold
fluorescence increase in vitro upon decreasing pH from 8.5 to 5.5 and from 7.5
to 5.5, respectively. The apparent pK. of pH-mIFP, determined by the
fluorescence change, is 7.0, which is close to optimal for detection of pH
changes in the physiological range. Table 4.2 compares several commonly used
FP-based pH indicators with pH-mIFP. The criteria used for comparison are
pKa, Hill coefficient (nu), fluorescence fold change (pH 5.5 — 7.5), and
excitation (Aexi) and emission (Aemi) maxima. Although pH-mIFP uniquely
exhibits a NIR fluorescence, and an intensiometric fluorescence decrease with
increasing pH, its pH-dependent fluorescence fold change and nn are relatively

low, compared with other pH indicators.

Table 4.2.
Comparison of FP-based pH indicators.
Fluorescence Aext Aemi
Protein pKa na | fold change (mi;) (m";;) Ref.
(pH 5.5-7.5)
Superecliptic| 5 51 g9 50 495 | 512 | [335,346]
pHluorin
mNectarine 6.9 0.78 6 558 578 [344,346]
pHtomato 7.8 0.51 3 562 578 | [346,347]
pHuji 7.7 1.10 22 566 598 [346]
pH-mIFP 7.0 -0.61 0.4 680 706 | This work
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The pH-mIFP described in this work represents a prototype of this
technology. We believe further directed evolution could generate mIFP variants
with increased pH sensitivity, while maintaining high brightness. However, for
a phytochrome-based FP, the brightness in mammalian cells does not
necessarily correspond with its brightness in E. coli or in vitro. It is also related
to the ability to bind endogenous biliverdin and the protein’s expression level.
To take these factors into consideration for future directed evolution efforts, we
suggest introducing a secondary screen in mammalian cells after the high-
throughput primary screen in bacterial colonies and in vitro characterization. To
simplify the screening procedure, one could use a plasmid that contains both
mammalian and bacterial promoters, allowing gene expression in both types of
cells. The usage of such kind of plasmid has previously been demonstrated in
our lab.

In this work, we demonstrated the functionality of pH-mIFP expressed in
mammalian cells. However, this simple and preliminary application does not
specifically illustrate the strengths of pH-mIFP, including the inverse pH
response and NIR fluorescence spectra. Assuming that pH-mIFP can be
improved upon, we suggest it could ultimately prove useful for the labeling of
acidic intracellular vesicles like endosomes, exosomes and mature
autophagosomes, as pH-mIFP in these compartments would be brightly
fluorescent. In contrast, any protein that is not properly targeted to an acidic
vesicle would exhibit a low background fluorescence. Another promising
application of pH-mIFP is deep-tissue imaging to report tissue acidification
[358,359]. Since pH-mIFP has its excitation and emission spectra falling in the

NIR optical window, it is particularly suitable for tissue imaging with depth
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ranging from ~0.1 to 1 cm [267,352]. Finally, we envision the utility of pH-
mIFP for multicolour optogenetics in combination with other shorter
wavelength tools, such as green and red FP-based indicators [256], and most
actuators, with the exception of phytochrome-based based systems like PhyB-

PIF [272] and BphP1-PpsR2 [293,294].

4.4 Concluding remarks

In summary, in this thesis I have presented research efforts aimed at
developing novel optogenetic tools by protein engineering. First, we exploited
circular permutation to design a photocleavable protein (PhoCl) derived from a
green-to-red photoconvertible FP. Although the following directed evolution
did not lead to a PhoCl variant that has optimal photophysical properties for all
purposes, the fast maturation and monomeric structure of PhoCl contribute to
its usefulness as a generalizable photosensory domain that can be genetically
fused with POIs to exert optogenetic control. Strategies that are suitable for
PhoCl-mediated optogenetic control, including covalent trapping and caging of
a protein, have been explored. Second, using semi-rational design and extensive
directed evolution, we successfully engineered a NIR fluorescent pH indicator
pH-mIFP. We validated the functionality of pH-mIFP in vitro and on the surface
of mammalian cells. Although the characterizations do not yet illustrate the key
strengths of pH-mIFP, we propose that it has great potential for vesicle labeling,
deep tissue imaging, and multicolour optogenetics. PhoCl and pH-mIFP
represent significant additions to the current optogenetic toolbox and will

facilitate the design of new optogenetic tools.
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