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Abstract

Optogenetics is a burgeoning range of biological techniques which involve
the use of light and genetically encoded protein to control (actuators) or monitor
(indicators) biochemical activities in living cells and tissues. In recent years, photo-
controllable actuators engineered from photoreceptors have become widely used in
various applications of chemical biology and physiology. In the optogenetic
actuator toolkit, the key building block is a genetically encodable light-sensitive
protein. Currently, most optogenetic actuators are engineered from naturally
occurring photoreceptor protein from bacteria, fungi, and plants. Despite the
tremendous progress in development and application of tools based on natural
photoreceptors, the scope of physiological process that can be controlled remains
limited by protein properties and photosensory mechanisms.

To expand the actuator toolkit, the photocleavable protein (PhoCl), which
is engineered from a photoconvertible protein, was introduced by our group in 2017.
[llumination of PhoCl with violet light produces a large empty barrel fragment and
a small chromophore-containing peptide fragment that dissociate spontaneously.
Although the first generation of PhoCl (PhoCl1) has been demonstrated to be a
simple and versatile photocleavable linker in a range of cell physiology and
materials chemistry applications, an important drawback of the original PhoCl1
was a relative slow rate of dissociation, with a half-time of about 500 s.

In this thesis, I describe my efforts in development of the second generation
of PhoCl variants (PhoCl2) with improved rate and efficiency of dissociation. To

better understand the structural changes associated with photoconversion and
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peptide dissociation, we determined the X-ray crystal structures of the green state,
the red state, and the cleaved empty barrel of PhoCll. Guided by the structural
information, we further engineered PhoCl using a NanoLuc luciferase-based
complementation assay for screening. Two variants of the second generation of
PhoCl variants were developed via directed evolution. These variants were
designated as PhoCl2¢ with higher dissociation contrast ratio and PhoCI2f with
faster dissociation rate. Compared to the original PhoCll, the PhoCI2 variants
exhibited improved dissociation performances when characterized as purified
proteins and in cell-based experiments. Furthermore, we describe the application of
PhoCl2c¢ for control of light-induced cell apoptosis in living cells. These data
demonstrate that the new and improved variants, PhoCl2¢c and PhoCI2f, are useful
for optogenetic control of subcellular localization and protein interactions.

I also described the development of photo-inducible nanoparticles by
engineering protein hybrids composed of encapsulin and a light-sensitive protein.
Encapsulin is a virus capsid-like natural nanocapsule with diameter of 25 nm to 32
nm, which is used by bacteria to isolate toxic enzymatic activities. I demonstrated
in mammalian cell expression system that enhanced green fluorescent protein
(EGFP) can be displayed on the surface of the nanocapsules and a co-expressed
cargo can be auto-packaged into the capsules in a fully genetically encodable way.
To use encapsulin as a light-inducible capsule, I designed different constructs by
fusing encapsulin to PhoCl or blue light photoactivable CRY2-CIBN system. We
expect to employ this nanocapsule system for optogenetic release and caging of

proteins involved in the control of in cell physiology.
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Chapter 1 Engineering of optogenetic tools

1. 1 Overview and premise

Optogenetics, a set of technologies that involves the use of light and
genetically encoded proteins to control cells and tissues, has enabled a tremendous
number of biological breakthroughs in recent years!=. Compared to conventional
synthetic organic photoswitches, optogenetic tools enable precise targeting of
specific cells or subcellular regions in a relatively non-invasive method. In addition,
the numerous emerging optogenetic tools have brought new insights into modern
neurobiology and cell physiology by enabling fast and reversible control of
transient activities*. This combination of light and genetic engineering provides
substantial advantages towards the understanding of many biological processes,
such as uncovering the mechanism of complex processes (learning’, sleep®,
addiction’ and movement®) in brain and understanding the pathology of
neurological disorders®'!.

In the broad sense, optogenetic tools include two complementary groups:
light-dependent controllable actuators and light-dependent optical indicators!2.
Optogenetic actuators are proteins that can be used to control a specific biological
activity when illuminated'’, and optogenetic indicators are protein-based
biosensors that transduce microenvironment changes into detectable optical
readouts (Figure 1.1). The combined use of spectrally and biologically compatible

pairs of actuator and indicator allow simultaneous manipulation and monitoring of



biological processes'+

16 Although the early optogenetics tools were mainly used
in neuroscience, recent developments in this area are addressing a broader scope of

studies in the areas of cell biology and physiology!>!7-19,

Actuators:
+ Depolarizing
*  Hyperpolarizing

Indicators:
* Voltage
Calcium

«  Neurotransmitters

Figure 1.1 Schematic representation of optogenetic actuators and indicator to
study neurotransmission. The light-inducible actuators can be used to control the
neuron electrical activity by either depolarizing or hyperpolarizing the pre-synaptic
neuron. Light-emitting indicators can monitor the changes of neurobiology in
membrane potential, calcium ion (Ca’') signalling, and release of
neurotransmitters. (Note: The shapes of synapses and membrane protein are from
Servier Medical ART: SMART, https://smart.servier.com. This server is licensed
under a Creative Commons Attribution 3.0 Unported License:

https://creativecommons.org/licenses/by/3.0/.)




Optogenetic actuators typically consist of a combination of two functional
moieties: a photosensory module and a biofunctional module?’. The photosensory
module generally contains a cofactor chromophore or a chromophore generated
from autogenic post-translational modification of amino acids, which enables the
molecule to absorb light. The absorbance of light typically leads to a photochemical
reaction that is associated with a change in the protein structure or function. The
biofunctional module is the part that acts as the bridge between the photosensory
module and the biological system. The light-induced change in structure or function
of the photosensory module changes the structure or function of the biofunctional
module, and thus its interaction with the biological system is modulated.

Optogenetic indicators also consist of a photosensory module and a
biofunctional module, but the directionality of the interaction between them is the
opposite of that in optogenetic actuators. For actuators, the photosensory module
absorbs light and undergoes photoreactions which lead to protein conformational
changes which ultimately affect the activity of the biofunctional module. For
indicators, the biofunctional module interacts with target molecules and alters the
microenvironment of the chromophore in photosensory module. Its change is
reflected in the fluorescence readout when exposed to excitation light.

At the protein structural level, the two modules can exist in a single protein
domain, as in microbial opsin-based actuators (channelrhodopsin-2 [Ref. 21] and
halorhodopsin??) and pH-sensitive fluorescent protein (FP)-based indicators

(pHluorin?* and pHuji?*). It is more common for the two modules to be distinct



domains which are genetically connected in a protein fusion, as for the genetically
encoded Ca®* indicators (cameleon?> and GCaMP6 [Ref. 26]) and photoactivatable
enzymes actuators (photoactivatable Rac1 [Ref. 27] and photoactivatable CRISPR-
Cas9 [Ref. 19]). A variety of design strategies have inspired researchers to develop
diversified optogenetic tools by using protein engineering via both rational design
and directed evolution.

Within the current repertoire, most of the biofunctional modules are

2831 jon channels’? or

engineered from the target molecule-binding proteins
pumps*. Also, a colourful palette of FPs*4, or luminescent protein variants®®, has
served as the photosensory module of numerous engineered genetically encoded
indicators designed using various strategies. However, the light-sensitive protein
moieties that serve as the photosensory modules of optogenetic actuators are limited
to just several engineered naturally sourced photoreceptor proteins: animal and
microbial rhodopsins; plant photochromes, cryptochromes, and phototropins;
bacterial phytochromes; and coral photoactivatable FPs. According to their
different light-induced responses, the previously reported light-sensitive domains
can be divided into three categories®® (Figure 1.2): (i) opsin-based light-activatable
channels and pumps?’, (ii) proteins that undergo allosteric conformational changes
with light stimulation®®3°, (iii) proteins that undergo light-induced dimerization**4!,

Although the natural photoreceptor-based optogenetic actuators have many
advantages and have been widely applied in biological research, the range of the

available tools is still relatively small. There is growing demand for engineering

novel light-sensitive protein variants with improved optical properties and light-



induced responses to satisfy the needs of a wider variety of studies in the life

sciences.

i) Light-activatable channels and pumps (i) Protein subject to allosteric response
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Figure 1.2 Four categories of the light-sensitive protein for actuators. The
examples are channelrhodopsin-2 (ChR2) for (i); the LOV2 domain of Avena Sativa
phototropin 1 (AsLOV2) for (ii); Dronpal45N for (iii); Photocleavable protein
(PhoCl) for (iv).

In 2017 our group reported a further expansion of the optogenetics tool
repertoire by introducing a fourth category of optogenetic tool (Figure 1.2): the
photocleavable protein (PhoCl)*¢, which was engineered from a photoconvertible
FP. Illumination of PhoCl with violet light produces a small C-terminal fragment
and a large “empty barrel” N-terminal fragment which can dissociate spontaneously.
PhoCl was demonstrated to be a simple and versatile covalent caging of protein of

interests that could be activated irreversibly by light. The first generation version



of PhoCl was successfully employed for engineering of photoactivatable Cre
recombinase, photoactivatable Gal4 transcription factor, and light-activation of
protease-activatable ion channel pannexin-1 (PanX1). In work from other groups,
PhoCl has been used as a photocleavable linker in photo-response biomaterials*>43,
Although PhoCl has been applied in growing number of cell physiology and
materials chemistry applications, a drawback of the original PhoCl was a relative
slow rate of dissociation, with a half-time around 500 s.

For the research described in this thesis, I attempted to overcome the
limitations of PhoCl by using protein engineering and structural-guided directed
evolution. Having developed improve versions, I then applied PhoCl and another
type of optogenetic tool (CRY2-CIBI1) to engineer light-inducible nanocapsule
systems by using a virus capsid-like protein encapsulin.

In this introductory chapter, I will review the relevant works in engineering
of non-opsin-based photosensory domains, and their representative applications in
cell biology and physiology. Photosensory proteins to be discussed include light-

oxygen-voltage-sensing domain (LOV), cryptochrome (CRY), phytochrome (Phy

and BphP), and photoactivatable FP.

1. 2 LOV domain

The light-oxygen-voltage-sensing domain (LOV domain) was first
identified as the photosensory module in Arabidopsis plant phototropin 1 (Ref.
44,45). Since then, LOV domains have been found in a variety of bacterial, algal,

fungal, and other plant species*®. Structurally, these LOV domains belongs to a



subclass of the Per-Arnt-Sim (PAS) superfamily which generally act as a molecular
sensor in all kingdoms of life*’. The small size of the LOV domain core (~ 110
amino acids) is composed of several a-helices and a five stranded antiparallel j3-
sheet that binds a flavin cofactor chromophore (FMN or FAD) (Figure 1.3a). The
flavin chromophore absorbs blue light (wavelength, ~ 400 — 480 nm) resulting in
the reversible formation of a covalent cysteinyl-flavin adduct in the hydrophobic
core** (Figure 1.3b). The photoreduction reaction triggers a protein allosteric
change through the highly variable N- or C-terminal extensions* which completes
the transduction of the light into a biochemical signal*®°. This photocycle is
thermally reversible in the dark with lifetimes of seconds to days depending on the

particular LOV domain’!.
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Figure 1.3 LOV domain structure and photochemistry. (a) Representative

structure of LOV domain. The example is Adiantum capillus-veneris phy3-LOV2
domain in illuminated state (PDB: 1JNU). a-helices are represented in blue; [-
strands are in yellow; FMN chromophore is represented with light grey ball and
stick. (b) The photochemistry of flavin chromophore. Upon illumination, a

thioether bond is formed between the flavin C4a position and the thiol of cysteine.



Recombinantly expressed LOV domain can incorporate an endogenous
flavin cofactor found in various cell types. Thus, it is not necessary to add
exogenous cofactor, which makes LOV-based tools applicable in a wide variety of
different biological systems. In the optogenetic toolkit, the LOV domain has been
utilized for allosteric control of the biofunctional module through two general
strategies®?: (i) light-activatable protein that drives a signalling pathway?’-*; (ii)
light-induced protein-protein interactions that manipulate the subcellular
localization of a protein or a protein activity>*>*. Considering the broad scope of
the topic and the relevance to this thesis, I would like to specifically focus on the
published examples of engineering of LOV-based actuators from the perspective of
the photocycle, proteins with light-induced allosteric responses, and proteins with

light-induced dimerization responses.

1. 2. 1 Engineering of LOV photocycles

The kinetics of LOV domain photocycle is dependent on the redox
processes of the flavin chromophore®>* (Figure 1.4). Absorption of blue light
promotes the dark ground state species LOV4so into a singlet excited state LOV*.
LOV* rapidly undergoes intersystem crossing to form the triplet state LOV171s.
While in the triplet state, a proton and an electron are transferred from the conserved
active site Cys in the domain peptide, creating a second triplet state LOVT radical.
The radical specie recombines to form the Cys-FMN adduct state LOV390. The
adduct is thermally unstable in the dark, and reverts to the ground state LOV4s0 on

a broad timescale that depends on the sequence of the particular LOV domain.



Compared to the other steps, the thermal dark recovery from the adduct to
ground state is very slow in LOV domains, and is therefore the rate-limiting step in
the photocycle. The half-lives of this process vary from a few seconds for
Arabidopsis phot2 LOV2 (Ref. 56), to tens of seconds or several minutes in most

plant and algal phototropin proteins*+*¥, to

several hours for bacterial and fungal
LOV domains: Bacillus subtilis photosensor YtvA3’ and Neurospora Vivid
(VVD)*3. For Arabidopsis FKF1, the photoreduction reaction is irreversible, and
the protein does not recover to the dark state after illumination®®. Due to these
differences, when developing new optogenetic tools it is important to choose LOV
domain with appropriate decay kinetics according to the timescale of the biological
applications. Suitable kinetics would maximize the efficiency of effector activation,

and the rate of recycling the optogenetic tool for fast and reversible transient

stimulations.
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Figure 1.4 Photocycle and Kkinetics of LOV domain. The species labeled by

numbers are defined by the wavelength of maximal absorption. The back bars

beside the electronic energy level designations represent the relative energy levels.

Early efforts to engineer the LOV domain were focused on the use of
rational design to optimize the dark recovery kinetics. Studies revealed that the Cys-
FMN adduct cleavage is assisted by a base-catalyzed deprotonation of the flavin
N5 (Ref. 60) (Figure 1.5a). The mechanism was found to involve a highly
conserved glutamine residue®! (Figure 1.5b) and surrounding side chains that
interacted with the flavin and associated water molecules®>** (Figure 1.5c¢).

Mutational analysis of the residues which interact with the flavin chromophore or

10



vicinal residues near the binding pocket were performed to investigate the key
mutations that can tune the photocycle>!:61:65-67,

Here 1 take the AsSLOV2 (wild type: temn = 81 $)°1 as an example to
review the mutations designed to alter the photocycle. There are three general
strategies used in previous studies to alter the dark recovery rate: (i) modification
of the electrostatic environment of the chromophore to accelerate or decelerate the
deprotonation of the flavin N5 of the adduct (deprotonation factor); (ii) increase or
decrease the solvent accessibility of the cofactor (solvent accessibility factor); (iii)

alter the stability of the flavin through stacking or steric interactions (flavin stability

factor). We will discuss these three factors one by one in the following sections.
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Figure 1.5 Adduct cleavage mechanism and the conserved residues interacted
with flavin in LOV variants. (a) Base-catalyzed mechanism for dark recovery. (b)
Proposed side chain rotation and hydrogen bonding switch of the highly conserved
Gln. (¢) Conserved flavin binding pockets in LOV variants. The residues interacted
with chromophore and surrounding water molecules are colored in green. Flavin
chromophores (FMN or FAD) are represented in grey ball and stick. The examples
are: Avena Sativa phototropin 1 LOV2 (AsLOV2; PDB ID: 2VIB) for (i);
Adiantum phytochrome 3 (phy3; PDB ID: 1JNU) for (ii); Neurospora Vivid (VVD;
PDB ID: 3RHS) for (iii).

Deprotonation factor
In the AsLOV2 domain, the flavin chromophore directly interacts

electrostatically with the residues GIn454, Asn482, Asn492 and GIn513 ((i) in

12



Figure 1.5¢). Mutations to the highly conserved glutamine residue GIn513 (Figure
1.5b) have a substantial effect on the recovery rate. The rate of recovery can be
slowed down with hydrophobic substitutions GIn513Leu (temn = 1793 5)%1:67 and
GIn513Ala (temn = 261 8)%>%7. In contrast, substitution with a polar residue can
provide different degrees of acceleration compared to the wild type. For example,
the GIn513Asn has a recovery rate of Temn = 43 s, GIn513His has a slightly faster
rate (trmn = 27 ), and GIn513Asp has a much faster rate (trvn = 5 s). These results
demonstrate that increasing the electronegativity of the side chain at position 513
facilitates the deprotonation of the adduct and speeds up the cleavage process®’.

Mutations of the other conserved residues GIn454, Asn482, Asn492 ((i) in
Figure 1.5¢) generally compromise the FMN binding or substantially lengthen the
photocycle®”-%%, due to the disruption of the electrostatic interactions with the
chromophore.
Solvent accessibility factor

Other residues which do not directly interact with the chromophore can have
effects on tuning the kinetics of the AsLOV2 photocycle. For example, computer
simulations reveal that position Asn414 can engage in hydrogen bonding with the
GIn513, and that the side chain of this residue undergoes a conformational change
between the dark and light states®-’° (Figure 1.6). This residue has indirect
interactions with the chromophore and has a large effect on solvent accessibility to

the chromophore that influences the deprotonation of N5 in adduct.
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Figure 1.6 Hydrogen bonding networks and the conformational changes of

side chains.

In 2014, Zayner et al. reported an extensive study on the effects of the
Asn414 side chain on the photocycle. They found that the effects of Asn414
mutations are related both to the residue size and electrostatic properties. For
hydrophobic residue, a larger sidechain at position 414 led to a longer recovery time
(Asn414Leu: trmn =1847 s > Asnd14Ala: tpmn = 1427 s > Asn414Gly: trvn =615
s). It appears that the electrostatic factor has a greater impact than the steric factor,
with the negative charged substitution Asn414Asp (Temn = 69 s) having the fastest
lifetime. These results suggested that Asn414 is involved in coordination of the
water molecules that facilitates the deprotonation of N5 in adduct and base-
catalyzed cleavage process.

Flavin stability factor

The oxidized flavin chromophore in the dark state can form a stronger n-n

interaction with Phe494 than the reduced flavin chromophore in the light state ((i)

in Figure 1.5¢). Thus, mutations at position Phe494 generally lengthen the
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photocycle or compromise the flavin binding through the loss of favourable
interactions with dark state form®-67,

In 2009, Zoltowski et al. proposed the generality of two hydrophobic
mutations (Ile427Val and Val416lle) in different LOV domains which can alter the
recovery rate. Introduction of these mutations was proposed to rearrange the steric
packing around the binding site and affect the stability of the flavin. Mutation
[le427Val reduces the steric hindrance with the active Cys in the dark state (Figure
1.7a), and enlarges the solvent accessible space created upon adduct formation. In
consequence this substitution increases the recovery rate via stabilizing the dark

state!-7!

. In contrast, the mutation Val416lle decreases the recovery rate by
stabilizing the light state adduct through stabilizing the hydrophobic contacts’!
(Figure 1.7b). In summary, reducing the steric interactions around the packing can
decrease the time of the photocycle, while increasing the steric interactions can
lengthen the time of the photocycle.

In addition to the mutations discussed above, there are a number of other
variants of note that have been reported to have significant effects on tuning the

duration of the photocycle. Here, we summarize the lifetimes of all these previously

reported AsLOV?2 variants (Table 1.1).
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Figure 1.7 The effect of steric interactions. (a) Mutation Ile427Val in dark state.
(b) Mutation Val416lle in light state. The residues interactions are represented in

meshed surface.

Table 1.1 Dark recovery kinetics of AsLOV2 variants.

Protein variants Kinetics: Temn () | Reference
55 Kawano et al., 2013 (Ref. 66)
68.3 Nash et al., 2008 (Ref. 61)
WT 20 Zayner et al., 2012 (Ref. 65)
Zayner and Sosnick., 2014 (Ref. 67)
81 Zoltowski et al., 2009 (Ref. 51)
Asn414Asp 69
Asn414Gin 280 Zayner and Sosnick., 2014
Asn414Gly 615
Asn414Ser 685

16



Asn414Thr 892

Asnd14Ala 1427

Asn414Leu 1847

Asn414Val >12h Zayner et al., 2012
Val4lolle 821 Zoltowski et al., 2009
Val416lle/Leud96lle 1009

Val416Thr 2.6 Kawano et al., 2013
Val416Leu 4300

Ile427Val 4 Kawano et al., 2013
Phe434Leu 12 Zayner et al., 2012
Cys450Val NM Zayner and Sosnick., 2014
Leu453Val 160 Zayner and Sosnick., 2014
Phe494Leu 206 Zayner et al., 2012
Phed94Cys 282 Zayner and Sosnick., 2014
Phe494His NM

Gln513Asn 37 Nash et al., 2008
GIn513Leu 1080

GIn513Ala 261 Zayner et al., 2012
GIn513Asp 5

GIn513His 30 Zayner and Sosnick., 2014
GIn513Leu 1793

Asn414Ala/GIn513His 2

Asn414Leu/GIn513Ala | 1900 Zayner and Sosnick., 2014
Asn414Ala/GIn513Ala 2081

Note: Mutations that increase the recovery rate are represented in blue, and

mutations that decrease the rate are represented in red.

1. 2. 2 Engineering of LOV domains with light-induced allosteric responses
In LOV-based optogenetic actuators, the photochemical reactions of the
flavin chromophore are transduced to the biofunctional domain through protein

conformational changes. Taking the AsLOV2 domain as a typical example, the
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formation of Cys-FMN adduct disrupts the B-sheet in the core of the domain and
results in partial unfolding of the C-terminal Ja helix’>7®. The activity of the
biofunctional domain fused to the Ja helix can be modified by this light driven
allosteric change.

Although biophysical studies have provided ample precedent for the light-
induced conformational changes in the LOV domain, the Ja helix unfolding and
conformational changes have not yet been observed in X-ray crystal structures®.
This is likely due to the compact nature of crystal packing and the stabilizing effects
of interprotein contacts. Hence, the extent of conformational change has primarily
been evaluated by circular dichroism (CD) signal at 222 nm (6222). Using this
measurement, the allosteric change parameter is defined as 62220 = (6222, dark - 6222,
light) / 6222, dark. The 8222 of wild type AsLOV2 is 0.30 units, and this parameter
mostly reflects unfolding of the C-terminal helix and the mild change in the
conformation of B-sheet>68,

Zayner et al. have reported the characterization of more than 100 variants
of AsLOV2 with mutational analysis based on both photocycle kinetics and
conformational changes®>-%® (Figure 1.8a). Their results reveal that there is no
obvious correlation between these two properties (6222 and Trvn), and mutations in
the sensitive sites near the flavin which effect both 022> and 7rmn typically reduce
the extent of the conformational change (Asn414Val, 6220 = 0.25; GIn513Ala, 8222
= 0.18). One possible mechanism to explain this observation is that upon light
adduct formation the side chain rotamers of Asn414 and GIn513 (Figure 1.6) cause

a bulge in the B-stand, which modulates the Ja helix docking affinity®®°. This
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proposed mechanism is supported by a recent molecular dynamics (MD)
simulation. Luliano et al. used MD simulations to reveal a lever-like motion of
GIn513 that induces changes in the hydrogen bonding network and initiates the

allosteric pathways of conformational changes leading to Jo helix undocking”’.
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Mutations
Thr405Ala/Thr407Ala (525, = 0.38)
Arg410Pro (5,2, = 0.35)

A 410-412 (5,2, = 0.34)
Phe434Leu (52, = 0.35)
GIn497Ala (52, = 0.38)
Arg500Ala (520, = 0.39)
Leu514Ala (055, = 0.42)
lleu532Ala (5,0, = NA)

Figure 1.8 AsLOV2 mutations that affect lifetimes or conformational changes.
(a) Sequence alignment of natural LOV domain variants and consequences of
mutations mapped on AsLOV2. (b) Mutations that increase conformational change
in LOV2. (Note: Figure 1.8a is reprint from Ref. 68 and used with permission of
the publisher)
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Based on the results from mutational analysis®®, the positions that contribute
to larger conformational change are mostly located on the A’ a helix near to the Ja
helix and the interface between the Ja helix and the LOV core (Figure 1.8b).
Substitutions to hydrophobic residues in this region could stabilize the Jo helix
docking in the dark state’. For optogenetic applications, stability of Ja helix
docking in the dark state can alter the affinity, and larger allosteric change could
increase the dynamic change of light-dependent activation.

The mutations and mechanisms discussed above have been harnessed to
optimize engineered AsLOV2-based optogenetic tools for applications in cell
biology. For example, the mutations Thr406Ala, Thr407Ala, Val4l6lle,
Val529Asn and Ile532Ala were used to tune the equilibrium and kinetic parameters
in Tunable, light-controlled interacting protein tags (TULIPs) reported by
Strickland et al. in 2012 (Ref. 75) (Figure 1.9). In the TULIPs system, a
biofunctional peptide was fused to the C-terminal of Ja helix and incorporated in
helix docking by rational design, such that its function was caged in the dark state.
“Uncaging” of the peptide upon illumination led to recruitment of the peptide
binding protein (ePDZ), leading to induction of light-dependent protein
translocation or other protein-protein interaction (Figure 1.9a,b).

For the TULIPs system, the dynamic range of the effector activity was
modulated by a number of mutations (Figure 1.9¢). LOV variants with mutation
Val529Asn’® (which decreases the affinity of Jo helix docking) was demonstrated
to increase the binding to ePDZ both in dark and light states, resulting in lower

caging of the biofunctional module. In contrast, variants with mutation Thr406Ala,
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Thre407Ala and Val532Asn’™ (which increase the affinity of Jo helix docking)
decreased the recruitment of ePDZ in both states, exhibiting higher caging. This
system could be further optimized by introduction of mutation Val416lle, which
led to an approximately 10-fold slower dark recovery rate. TULIPs system with
various mutated LOV2 variants have been successfully applied for optical control

of mitogen activated protein kinase (MAPK) activation”.

Thr406Ala/Thr407Ala

2 Lovpep C)Lovnep c (higherlcaging)
dark
Q AYAYY epbz
Inactive active

membrane tag GPC

i "a’\’ B b
L ,
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- signaling pathway
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Val416lle \ . o helix
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Figure 1.9 Engineering of the TULIP system. (a) Schematic of TULIPs design.
(b) Schematic of optical control strategy by using TULIPs. “BFM” is short for
biofunctional module. (¢) Mutations used in TULIPs to tune equilibrium and

kinetics.

Another important example of a LOV domain-based optogenetic tool is the
photoinduced protein dissociation system designated LOVTRAP, reported by
Wang et al. in 2016 (Ref. 53). To develop this system, a small protein named Zdark
(Zdk), which selectively binds to the dark state of AsLOV2, was generated by
mRNA display screening. Upon illumination, the binding is disrupted by the

conformational change of the LOV2 domain, resulting in the uncaging of
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biofunctional domain by freeing the protein to move to its site of action. By
incorporation of previously reported mutations (Ile427Thr, Val416Thr, Ile427Val,
Val416lle and Val416Leu), the time constant of the dark recovery could be tuned
from a few seconds to hundreds of seconds. However, instead of only engineering
of the AsLOV2 core domain, large differences in light-dark affinity could be
achieved by the use of different Zdk variants. The LOVTRAP system, and its
derivative Z-lock”’, have been used to mediate activation of different signaling
protein that control cell-edge protrusion (Vav2, Racl, RhoA, cofilin and aTAT)
and represent a versatile approach for reversibly photo-caging and photo-uncaging.

Despite the many examples of optogenetic tool engineering using the
AsLOV2 photosensory domain, rational improvements of the tools used in
biological applications are limited by subtleties of allosteric regulation and can vary
from case to case. Generally, development of the AsLOV2-based tool requires
substantial empirical efforts for optimization of the LOV domain, linkers, and

protein of interest.

1. 2. 3 Engineering of LOV domains that undergo light-induced dimerization

An alternative LOV-based optogenetic control strategy is to alter protein-
protein interactions (PPI) via the light-induced protein dimerization of certain LOV
variants. As an appropriate candidate, the fungal photoreceptor Vivid (VVD) from
Neurospora  crassa  undergoes  light-induced  homodimerization  or
heterodimerization upon blue light illumination®®. Although it uses FAD rather than

FMN as a flavin chromophore cofactor, VVD shares very similar photochemistry
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to AsLOV?2 and its photocycle can similarly be altered via rational design based on
the strategies discussed above. Accordingly, the dark state lifetime of engineered
VVD variants can vary from tens of seconds to several days>'.

For the wild type VVD, the light-induced conformational change
propagates to the N-terminal cap (N-Cap) which induces protein
homodimerization®®. More specifically, the side chain rotation of the conserved
GIn182 upon light adduct formation favors the hydrogen bonding with the reduced
flavin and initiates the movement of the Cys71 side chain to interact with the [3-
stand where GInl182 is located>®’®7 (Figure 1.10a). The rotation is propagated
through rearrangement of the N-Cap, which exposes a hydrophobic cleft to
facilitate homodimerization (Figure 1.10b). Overall, the formation of the
homodimer is driven mostly by the conformational changes of the N-latch and N-

hinge regions’®80.
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Figure 1.10 Light-induced side chain rotations and homodimerization. (a)

GIn182

Hydrogen bonding networks and the conformational changes of side chains. (b)
VVD light state homodimer. The N-Cap helix is represented in yellow, N-hinge

loop is represented in red and N-latch peptide is represented in hot pink.
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Due to light-dependent homodimerization, VVD is a suitable scaffold for
optogenetic control of PPIs. However, the relatively low affinity of the wild-type
homodimer (K4 = 13 uM)"® is not sufficient to induce robust light-dependent PPI in
the context of live cells. To solve this problem, mutations that can increase the
homodimer affinity were investigated’®”°. Unfortunately, due to the highly specific
nature of the interactions and the modest conformational change, most substitutions
reduce the affinity or result in inactive variants that cannot undergo this light
response. For example, variants with Cys71Ser or substitutions at Tyr40 are
monomeric in both the dark and light states. The variant with Thr69Trp is dimeric
in both the dark and light states’®”". To date, relatively few mutations, such as
Cys71Val and Asn56Lys, have been reported to improve the affinity in the light
state (but not the dark state)’®”?. Compare to Cys, the Val residue side chain has
two methyl groups that points to two directions, mimicking two rotamers of the Cys
side chain. One methyl occupies the positions of thiol group in the dark state, and
the other methyl mimics the thiol of Cys71 in the light state. The side chain of Val
residue predisposes the VVD conformation towards the light state, therefore
facilitates the dimer formation. Accordingly, the variant with Cys71Val mutation
has an increased affinity (Kq = 0.4 uM)’®. The Asn56Lys mutation is located on the
helix of N-Cap and was found to form a salt bridge with the Asp68 residue on the
second VVD domain and thereby stabilize the dimer®!. The variant with these two
mutations was reported to exhibit lower background signals and larger dynamic

range than the wild type VVD in the “LightOn” gene expression system. In this
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system, the dimerization motif of a transcription factor is replaced with the light-
inducible VVD3!,

Due to the fact that VVD undergoes a homodimerization, this tool cannot
selectively bring two different proteins together (i.e., heterodimerization). To
increase its utility, Kawano et al. developed two distinct types of VVD variants
named pMag (positive) and nMag (negative)’*. pMag was engineered by the
introduction of positively charged residues (substitutions Ile52Arg and Met55Arg)
in the N-Cap, and nMag was engineered by introduction of a negatively charged
residue (substitution Ile52Asp) and a neutral mutation Met55Gly to prevent
homodimerization. Unlike the original homodimeric VVD, the two variants engage
in electrostatic interactions instead of primarily hydrophobic contacts and exhibit
robust blue light-dependent heterodimerization (with a 21-fold change in
bioluminescence complementary assay upon illumination). Moreover, the switch-
off kinetics and dimerization efficiencies were optimized introduction of mutations
that have been previously reported to alter the photocycle lifetime®!. The Magnet
toolkit was demonstrated to be useful for the optical control of phosphatidylinositol
(PI) 3 — kinase (PI3K) for generation of PI(3,4,5)P3. Overall, this system broadened
the scope of optogenetic control by using VVD. In particular, light-induced
heterodimerization provides a simple and versatile way to control the activity of
split enzymes including Cre recombinase®?, CRISPR-Cas9 (Ref. 19) and T7 RNA

polymerase® (Figure 1.11).
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Figure 1.11 Schematic of Magnet system application strategy.
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1. 3 Cryptochromes

Another type of photosensitive protein with a flavin cofactor is
cryptochrome 2 (CRY2). CRY2 can simultaneously undergo light-induced
reversible homo-oligomerization, and heterodimerization with its binding partner
(CIB1), upon blue light illumination®® (Figure 1.12a). Similar to the
photochemistry of LOV2 domain, the conformational change of CRY2 is initiated
by the photoreduction of its FAD chromophore (Figure 1.12b) that binds to the N-

terminal photolyase homology region (PHR) of CRY2.
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Figure 1.12 Schematic of CRY2-CIB1 system and its photochemistry. (a)
Homo-oligomerization of CRY2 and heterodimerization between CRY?2 and CIB1.
(b) Photocycle of the FAD chromophore in CRY2.

The utility of the CRY2-CIB1 pair was first demonstrated through the
optical control of transcriptional factor Gal4 and Cre recombinase in mammalian
cells in 2010 by Kennedy et al.®>. The photocycle of wild type Arabidopsis CRY2
1s reversible within minutes, which makes it suitable for transient stimulation of
many biological processes naturally. However, the wild type full length CRY?2 and
CIB1 had some limitations as a tool, including low expression level and punctate
nuclear localization when expressed in mammalian cells. To address these
problems, Kennedy et al. optimized this system by using only the PHR domain of
CRY2 (CRY2PHR) and a CIB1 C-terminal truncated version (CIBN). They also

mutated the predicted nuclear localization signal in CRY2 and CIB1. The resulting
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CRY2PHR and CIBN variants expressed much better in cells and showed evenly
distributed cytoplasm localization®>. The optimized CRY2PHR-CIBN system has

been applied widely in optogenetic manipulations of protein-protein interactions

85,86 85,86

(PPIs) (Figure 1.13a), to control gene expression®-°°, genome editing®-°°, cellular
signaling pathways®”#8, lipid metabolism?¢, and organelle transport®’.

In 2016, Taslimi et al. reported a second generation CRY?2-CIB system with
smaller protein size and reduced interactions in the dark state®. The improved
truncated variant CRY2(535) (residues 1-535) was demonstrated to have larger
dynamic range and lower dark state self-association than CRY2PHR. They also
attempted to identify a smaller binding domain derived from CIBI, but
unfortunately efforts to truncate the domain substantially weakened the interaction
with CRY2. To improve the versatility of the CRY2-CIB1 system, mutations
adjacent to the flavin chromophore that alter the photocycle were identified via
directed evolution based on a yeast two-hybrid screening. Compared to the dark
recovery rate of wild type CRY2 (f12 ~ 16 min)**°!, the variant with long-cycling
mutation Leu348Phe has a slower rate (#12 ~ 24 min), and the variant with fast-
cycling mutation Trp349Arg has a faster rate (¢12 ~ 2.5 min) in a cell membrane
recruitment assay®>®. Guided by the crystal structure of the CRY2 homologue
Arabidopsis cryptochrome 1 (AtCRY1), the mutation Leu348Phe is thought to
stabilize the hydrophobic flavin binding pocket in the light state and therefore

lengthens the photocycle. In contrast, Trp349Arg increased the solvent accessibility

that facilitates dark thermal conversion, hence speeding up the recovery rate. These
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proposed explanations are consistent with the mechanisms used to tune the

photocycles in LOV domains (as described in 1.2.1).
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Figure 1.13 Schematics of the CRY2-based optogenetic tools design strategies.
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(a) Protein-protein interactions (PPIs) and protein translocations based on CRY2-
CIBI heterodimerization. (b) Activation of biofunctional modules (BFM) based on
CRY2 homo-oligomerization. (¢) Inhibition of biofunctional modules based on a

combination of homo-oligomerization and heterodimerization.
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In addition to heterodimerization, the light-dependent homo-
oligomerization of CRY?2 has been harnessed in optogenetic strategies to control a

wide range of biological processes®* > (Figure 1.13b). In 2014, Taslimi et al.

reported a new CRY2 variant name “CRY2olig” with enhanced homo-
oligomerization®®. The key mutation (Glu490Gly) of this improved variant was
discovered through yeast two-hybrid screening. CRY?2olig showed improved
clustering rate with half-maximal clustering time in the range of tens of seconds
after blue light illumination, while the dark dissociation of the larger CRY2olig
clusters (12 ~ 23 min) is slower than the wildtype CRY2 (¢12 ~ 6 min)*. The utility
of this light-dependent cluster formation was demonstrated by visualization of
protein interactions, and transient inhibition of biofunctional modules through
surrounding protein crowding effect. Another variant with improved cluster
formation, designated “CRY2clust”, was reported by Park et al. in 2017 (Ref. 95).
The improved function was achieved by adding a 9 residue C-terminal extension
following CRY2PHR domain. The improved clustering ability of CRY2clust was
demonstrated in a Ca?*-modulating optogenetic system (OptoSTIM1)°® and optical
control of protein kinase activity”’. However, the mechanism by which the
Glu490Gly mutation and C-terminal short peptide extension modulate the
oligomerization remained unclear due to lack of structural knowledge of the CRY?2
interaction interfaces, which has also limited rational efforts to engineer the CRY?2
system.

To better understand the mechanisms of CRY?2 interactions, Duan et al.

proposed the charged residues that affect the heterodimerization and homo-
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oligomerization based on a model of CRY2 obtained by homology modeling®®.
They found that the CRY2-CIBI and CRY2-CRY?2 interactions are dependent on
different binding sites on CRY2 (Figure 1.14). The N-terminus (residues 2-6) of
CRY?2 is exposed to solvent, and is important to the heterodimerization to CIBI.
The N-terminus which contains three Lys residues and one Asp residue such that it
is highly charged, with a net positive charge at physiological pH. The deletion of
the N-terminus or mutations of the charged residues to neutral residues significantly
reduces the light-dependent binding affinity to CIB1 without impacting homo-
oligomerization. In contrast, C-terminal residues tend to be crucial for CRY2-
CRY?2 interactions. The C-terminal region is predominantly negatively charged,
with only a small region containing two positively charged residues Arg487 and
Arg489. The mutational analysis indicated that the positively charged residues
enhance the oligomerization, however, negatively charged residues
counterbalanced this effect. The proposed deduction explained why the Glu490Gly
substitution (discussed above)** improved the formation of CRY2 clusters. The
variants with positively charged residues substitutions (Glu490Arg or Glu490His)
exhibited even more improved clustering capacities than Glu490Gly. Based on
these findings, the authors engineered two variants designated as CRY 2high, with
enhanced clustering containing the positively charged substitution Glu490Arg, and
CRY2low with reduced oligomerization by using the negatively charged mutations
CRY2(1-488)EED. The variants were demonstrated to enable different extents of
extracellular signal-regulated kinase (ERK) activation by optogenetic manipulation.

Despite the efforts in uncovering the mechanism of CRY2 clustering, the
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oligomerization interaction remains unclear and it seems increasingly likely that it

involves multiple binding sites as well as stabilization by surfaces that are

95,98
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Figure 1.14 Surface charge of CRY2 wild type predicted by homology
modeling. (Note: Figure 1.14 is reprint from Ref. 98 and used with open access.
This article is licensed under a Creative Commons Attribution 4.0 International

License: http://creativecommons.org/licenses/by/4.0/.)

An alternative strategy to engineering of improved CRY2 variants, is to
improve the cluster formation by combining both CRY2-CRY?2 oligomerization
and CRY2-CIB1 dimerization. This idea was firstly realized in a system named
LARIAT (light-activated reversible inhibition by assembled trap) described by Lee
et al. in 2014 (Ref. 18). In the LARIAT system, the CIB1 domain is fused to a
multimeric protein (MP) (Figure 1.13c). Light-dependent homo-oligomerization
and heterodimerization induce interactions among the MPs that facilitate cluster
formation. This cluster formation leads to inactivation of the biofunctional module

due to becoming effectively “trapped” in the clusters. The LARIAT system was
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demonstrated to be useful for reversible inhibition of biofunctional domains,
including Vav2 which induces membrane protrusion, PI3 kinase which is involved
in lipid metabolism, and microtubule polymerization in formation of mitotic
spindle structure which is crucial in mitosis. A similar strategy has also been used
to detect the protein interactions via visualization of the colocalization of the
fluorescent clusters and their binding partners®*.

Overall, the engineering of CRY2 has been somewhat limited due to our
current lack of understanding of the light-dependent interactions at the molecular
level. There is no reported structure of the CRY2 so far. CRY2-based optogenetic
tools have proven effective for providing a spatiotemporal control via a variety of

design strategies.

1. 4 Phytochromes

Phytochromes are a class of photoreceptors found in plant, fungi, and
bacteria which contain bilin chromophores and are sensitive to red and far-red light.
The proteins in this superfamily consist a highly conserved photosensory region,
and a diversified dimerization or signaling region®!%, The photosensory region
typically is composed of three adjacent domains: a Per-Arnt-Sim (PAS) domain, a
cGMP phosphodiesterase/adenylyl cyclase/FhlA (GAF) domain and a
phytochrome-specific (PHY) domain. The chromophore binding occurs in the
pocket of GAF domain, with the bilin cofactor covalently connected to a conserved
Cys residue located in the GAF or PAS domain, depends on the particular species!®.

For the prototypical phytochrome, the photosensory domain exists in a stable red-
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light-absorbing conformation (Pr) in the dark state. Upon absorption of red light,
Pr reversibly converts into a far-red-absorbing form (Pfr). Pfr can be converted back
to Pr by illumination with far-red light or through a dark recovery!°!. The red-
shifted excitation wavelengths absorbed by phytochromes (from 620 to 800 nm)!%
are mostly located in the near-infrared (NIR) window!%2, Within the NIR window,
the absorption of water molecules and hemoglobin in blood is reduced, therefore

102 Tn addition, red

light has the maximal depth of penetration in biological tissues
light and far-red light illumination minimizes the cross-talk with blue light

excitation used for green fluorescent indicators such as GCaMP2°, Due to their NIR

absorbance, phytochromes represent an advantageous template for development

41,103,104 105-108

into both optogenetic actuators and fluorescent indicators . Here we
review the toolkit of phytochrome-based actuators derived from plant

phytochromes and bacterial phytochromes.

1. 4. 1 Engineering of plant phytochrome-based actuators

The plant phytochromes are light-sensitive proteins responsible for
regulating various plant biological processes, including growth, germination,
flowering, and circadian rthythm®-%1%° However, only Arabidopsis phytochrome
B (PhyB) has been employed as a photosensory module in optogenetic actuators.
PhyB is a homodimeric protein composed of a N-terminal PAS-like domain, a
central chromophore binding GAF domain, and a C-terminal PHY domain which
undergoes light-dependent structural rearrangements!!%!!2 (Figure 1.15a). Upon

red or far-red light illumination, the protein conformational change is initiated by
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the isomerization of phycocyanobilin (PCB) or phytochromobilin (P®B)
chromophore!!® (Figure 1.15b) which is endogenous in plant and cyanobacteria

but is not present in mammalian cells.

Pr

O Agps ~ 660 Nm

Pfr
Aabs ~ 730 nm

Phycocyanobilin (PCB)

Figure 1.15 Structure of PhyB and its photochemistry. (a) Crystal structure of
Arabidopsis PhyB photosensory region as Pr state dimer (PDB ID: 40UR). PAS-
like domain is represented in blue, GAF domain in green, and PHY domain in
orange. The P®B chromophore is represented in grey ball and stick. (b)

Photoisomerization of PCB chromophore with red and far-red light.

With cis to trans isomerization, PhyB converts from an inactive Pr form
into an active Pfr form, which in turn binds to the phytochrome-interacting factor
(PIF). The PhyB-PIF pair was first demonstrated to be useful as an optogenetic tool
in mammalian cells by Levskaya et al. in 2009 (Ref. 41). To utilize this protein pair
as actuators, they firstly confirmed that PhyB could covalently bind to the

exogenously added PCB chromophore in mammalian cells. They then optimized
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PhyB (photosensory region with the C-terminal tandem PAS domains) and PIF (N-
terminus of PIF6) by screening of variants using a protein translocation assay. The
improved “Phy-PIF” pair exhibited reversible light-dependent association and
dissociation both within a few seconds (ton = 1.3 s and 7oer = 4 s). Compared to
other light-induced dimerization system such as VVD and the CRY2-CIBN pair,
the controllability, fast kinetics of both association and dissociation, and red-shifted
illumination are major advantages of this system. With these advantages, Phy-PIF
pair has enabled spatial and temporal control with higher resolution in various cell
biology applications via light-controllable PPI and protein translocation*!-!!4-11%,
Examples include the optical control of Racl and Cdc42-mediacted G-protein

114,116

signalling*!, gene expression by activation of transcriptional factors and Cre-

mediated DNA recombination in yeast cells'!8.

Despite the unique advantages of Phy-PIF system, the major drawback of
this system is that the PCB chromophore is only produced in photosynthetic
organisms, thus needs to be added externally when using Phy-PIF in mammalian
cells. In 2017 Uda et al. reported overcoming this limitation by reconstructing the
PCB biosynthesis pathway in bacterial and mammalian cells'!®. They reported that
endogenous heme can be converted into PCB by expressing a synthetic gene
construct “PHFF” encoding four proteins: heme oxygenase (HO1), ferredoxin (Fd),
Fd-NADP* reductase (Fnr) and phycocyanobilin:ferredoxin oxidoreductase

(PcyA)!?0-122. The amount of PCB produced via biosynthesis was sufficient to

reconstitute the light-dependent Phy-PIF interactions in cell assays'!?.
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Overall, the development of plant phytochrome-based photosensory module
in optogenetic actuators is relatively limited to date. Although the PCB biosynthesis
pathway has been transplanted into mammalian cells, this strategy is not ideal due
to the extra steps required to incorporate the biosynthesis related genes into the
targeted cells. The efficiency of PCB production can also be impacted by the
metabolism of intermediates!'!'®. One potential solution to solve these problems, is
engineering the chromophore binding pocket from binding PCB to binding
biliverdin (endogenous in mammalian cells) via rational design based on PhyB

crystal structure!??,

1. 4. 2 Engineering of bacterial phytochrome-based actuators

Similar to plant phytochromes, bacterial phytochrome photoreceptors
(BphPs) undergo photoisomerization between Pr and Pfr forms upon illumination
with red or far-red light. However, unlike the plant phytochromes, some bacterial
phytochromes adopt the Pfr form, rather than the Pr form, in the ground state!?*.
Another difference relative to plant phytochromes is that some eubacteria
phytochromes wuse biliverdin IXo (BV) tetrapyrrole as the cofactor
chromophore!?!% (Figure 1.16a). As a product of heme catabolism, BV also
exists ubiquitously in mammalian cells!?S, therefore bacterial phytochromes are
more feasible to be used as photosensory modules in optogenetic tools. Notably,

bacterial phytochrome has been extensively engineered into various fluorescent

reporters that have been utilized widely for cell imaging (such as iRFP
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variants!%%127) " a protein interactions reporter (Split'®>1%) and a genetically

encoded calcium indicator (NIR-GECQ!'07:198),

a b PpsR2 dimer

Pfr
Aabs ~ 740 nm

Pfr state

L [ X or dark

Aabs ~ 650 nm '
BphP1 '.

Biliverdin IXa (BV)

Figure 1.16 BV photochemistry in BphP1 and light-induced BphP1-PspR2

interaction.

The first example of a bacterial phytochrome-based optogenetic actuator,
based on bacterial phytochrome BphP1 and a natural gene expression regulator
PpsR2, was reported by Kaberniuk et al. in 2016 (Ref. 103). PpsR2 and the Pfr
form of BphP1 and are both homodimers in dark state. Absorption of far-red light
(~ 740 nm) by BV chromophore in BphP1 disrupts the homodimerization and
induces heterodimerization between BphP1 and PspR2 (Ref. 103,128) (Figure
1.16b). In 2017, Redchuk ef al. optimized PspR2 variant by identifying the minimal

domain required for interaction which is termed as Q-PAS1 (Ref. 104). Using this

38



optimized variant, light-dependent interactions were demonstrated via protein
translocation assay in cells!%1% and in vivo light-induced gene expression in mice
upon illumination of far-red light!%. However, one of the limitations of the BphP1-
PspR2 system is the poor controllability of the dissociation step. Although the red
light (~ 650 nm) illumination accelerates BphP1-PspR2 dissociation, the complete
dissociation of the heterodimer only occurs through dark state relaxation. The
relative slow dark recovery rate in cell experiments (7,2 ~ 900 s)'9 suggests there

is further room for improvement.

1. 5 Fluorescent protein-based actuators

The discovery of the Aequorea victoria green fluorescent protein
(avGFP)!'?*-131 yltimately launched a new era in cell biology studies. avGFP enables
researchers to monitor biological processes in living cells and tissues by fusing FP
to the protein of interest!32!3? or utilizing any of the numerous biosensors based on
engineered FPs?>>34134 avGFP does not require an exogenous cofactor as the
chromophore is generated from the autogenic post-translational modification of
three amino acids with the polypeptide sequence (Ser65, Tyr66 and Gly67 in
avGFP!**%). Taking avGFP as an example, it is generally believed that the
mechanism of chromophore formation involves cyclization, oxidation, and
dehydration steps!3® (Figure 1.17a). The mature chromophore is covalently bound

with a central a-helix surrounded by a highly conserved B-barrel (Figure 1.17b).
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Figure 1.17 Green fluorescent protein (GFP). (a) Mechanism of GFP
chromophore formation. (b) Three-dimensional structure of GFP (PDB ID: 1EMA).

1. 5. 1 Phototransformable FP

In addition to emitting fluorescence upon excitation, the chromophores in
some FP variants also undergo photochemical reactions. These FPs are referred to
as phototransformable FP (PTFPs)!%. In contrast to the conventional FPs which
exhibit constant fluorescence, the intensity or emission wavelength of PTFPs
typically changes upon light illumination. Based on their different light-induced
responses, the PTFPs can be divided into three main classes: (i) photoactivatable

FP, (ii) photoconvertible FP and (iii) photoswitchable FP.

40



In a photoactivatable FP (such as PA-GFP!*’, PA-mCherry'*® and PA-
mRFP1 [Ref. 139]), the protein can be activated irreversibly from the low
fluorescent state to high fluorescence state upon illumination with a specific
wavelength of light. Photoactivation results from the light-induced (~ 405 nm)
decarboxylation of the conserved Glu residue adjacent to the chromophore!4%:14!
(Figure 1.18a). For photoconvertible FP (such as EosFP!#?, Kaede!* and
Dendra'#), the mechanism of photoconversion involves polypeptide backbone
cleavage and elongation of the chromophore m-conjugated system!#>!4® (Figure
1.18b). In consequence the protein switches from green fluorescent state into red
fluorescent state irreversibly. For photoswitchable FP (such as Dronpa'¥’,
Dreiklang'#®, and kindling FPs!*’), the reversible photoswitching is achieved
through photoisomerization of the chromophore!**!°! (Figure 1.18¢). The protein
can be switched between the dark state and fluorescent state by illuminating with
two distinct wavelengths of light. The photochemistry of chromophores in PTFPs
has expanded the FP applications in important directions (e.g., super-resolution
imaging), and has inspired researchers to engineer FPs into photosensory modules

for optogenetic actuators.
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Figure 1.18 Representative photochemistry of phototransformable FPs
(PTFPs).

1. 5. 2 Engineering of PTFPs-based actuators
The photochemistry of PTFPs is typically accompanied by a rearrangement

IS17153 For example, in the photoswtichable FP

of the chromophore pockets
Dronpa'¥’, the B-strands adjacent to chromophore were observed to be destabilized
(by NMR analysis)!*? with cyan light illumination. That is, the cis to trans
isomerization causes partial unfolding of the B-barrel and disturbs the interaction
on cross-dimer interface in the tetrameric parent!>2. Taking advantage of this light-
induced conformational change, in 2012 Zhou et al.'>* reported the optogenetic
control of protein activity by using a previously reported Dronpa mutant

(Dronpal45N)!%, Tllumination with cyan light induces the tetramer to monomer

conversion of Dronpal45N, or the dimer to monomer conversion of the
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Dronpal45K variant'>*. Although the affinity of Dronpa variants in multimeric
form is relatively low, this system is suitable for “intramolecular oligomerization”-
based applications by fusing two copies of Dronpa (Figure 1.19). The strategy was
utilized for optical control of biofunctional domains such as Cdc42 GEF intersectin,

HCV protease and various kinases!>*!1%6,

R @& A
7671 8 7%y

Dronpa145N Dronpa145K

Figure 1.19 Schematic of the Dronpa-based optogenetic tool design strategy.

Another PTFP-based photosensory domain for actuators is the
photocleavable protein (PhoCl)*®, engineered from a photoconvertible FP. PhoCl
was developed in the Campbell lab and we will describe our work in engineering

of first generation of PhoCl in more details in section 2.1.

1. 6 The scope of this thesis

Inspired by the precedent of past work on engineering of the photosensory
domains used in optogenetic actuators (as we reviewed in this Chapter), we
reasoned that our previously developed PhoCI*¢ could likely be further improved
by additional protein engineering and directed evolution. In this thesis, I describe

my efforts to engineer second generation variants of PhoCl, demonstration of cell-
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based applications with improved PhoCl2 variants, and my efforts to explore a
photo-inducible nanocapsule system via combining encapsulins with different
photo-sensitive protein.

In Chapter 2, I describe my efforts to engineer the second generation of
PhoCl variants (PhoClI2) with improved rate and efficiency of dissociation.
Working with collaborators, we determined the X-ray crystal structures of the green
state, the red state, and the cleaved empty barrel of PhoCl1. Using structure-guided
engineering, two variants of the second generation of PhoCl variants were
developed via directed evolution. These variants were designated as PhoCl2c with
higher dissociation contrast ratio, and PhoCl2f for faster dissociation rate.

In Chapter 3, we demonstrate the utility of the improved PhoCl2 variants
through protein characterizations. The kinetics and efficiencies of dissociation were
compared between PhoCl2 variants and PhoCll by using spectroscopy, gel
filtration chromatography (GFC) and SDS-PAGE analysis. The improvements in
rate and extent of dissociation were further demonstrated in cells via protein
translocation assays. We also explored the utility of PhoCI2 for optical control of
cell apoptosis by engineering of a light-activatable pro-apoptotic protein Bid.

In Chapter 4, I describe my efforts to develop photo-inducible nanocapsule
system via using encapsulins and photosensitive proteins. I expressed and purified
the genetically encodable nanoparticles with cargo proteins in bacteria, and
demonstrated the modification on both sides of capsules expressed in mammalian
cells. I further attempted to achieve the photo-caging and photo-uncaging through

fusing encapsulin with PhoCl or CRY2-CIBN pair.
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In Chapter 5, we provide a summary of this thesis, as well as a brief
discussion on the future directions regarding the development of PhoCl and photo-

inducible encapsulins.
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Chapter 2 Engineering of the second generation of PhoCl

2. 1 Introduction

Optogenetics is a burgeoning range of techniques that involves the use of
light and genetically encoded proteins to enable spatial and temporal control of

237157 The previously reported

numerous biological processes in cell physiology
optogenetic actuators can be divided into three categories®®: (i) opsin-based light-
activatable channels and pumps®’, (ii) proteins that undergo allosteric
conformational changes with light stimulation®®*° (as described in section 1.2.2),
and (iii) proteins that undergo light-induced dimerization**4!-86:103 (as described in
sections 1.2.3, 1.3, 1.4.1, 1.4.2 and 1.5.2). Although the advantages of these tools
are widely recognized, the range of the available repertoire is still relatively small.
There is a growing demand for tools with new capabilities to satisfy the needs of a
wider variety of biological research applications.

In 2017 our group reported an expansion of this scope by introducing a
fourth category of optogenetic tools: the photocleavable protein (PhoCl)*®, which
is engineered from the green-to-red photoconvertible FP, mMaple!>8. This class of
proteins contains a chromophore that derives from the tripeptide His-Tyr-Gly. The
photoconversion reaction is a violet light-induced B-elimination reaction, which
extends the conjugated system of the green chromophore to form a red
chromophore!*>14¢ (as described in section 1.5.1). In mMaple, the bond cleavage

of the polypeptide backbone forms a ~66 residues N-terminal fragment and a ~166

residues C-terminal fragment that remain associated.
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To achieve the light-induced dissociation, a topological variant of mMaple
was engineered via circular permutation by Dr. Wei Zhang. The original N- and C-
terminus were joined with a flexible linker, and the new termini were introduced
near the central helix which are close to the chromophore (Figure 2.1a). Upon
violet light illumination, cleavage produces a ~10 residues small C-terminal peptide
fragment and a ~220 residues large “empty barrel” N-terminal fragment which can
dissociate spontaneously (Figure 2.1b). To improve chromophore formation
efficiency and peptide dissociation rate, linker optimizations and several rounds of
directed evolution were preformed, leading to the discovery of the first generation

version PhoCl1.

Permutation sites on C-
terminal side of central helix

/
Permutation sites on N-
terminal side of central helix

Spontaneous
dissociation

Figure 2.1 Schematics of PhoCl design strategy. (a) Engineering of PhoCl from
mMaple via circular permutation. (b) Schematic of PhoCl photoconversion and
dissociation. (Note: Figure 2.1a is reprint from Ref. 36 and used with author

permission.)
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The advantages of synthetic photocleavable linkers have been widely

recognized in chemical biology studies!>-!6!

. Inspired by such work, PhoCl
represents the first case of genetically encodable photocleavable tag that is
composed of only natural amino acids. PhoCl enables a simple and versatile
covalent caging of biofunctional module by fusing it to the protein of interest, such
as Cre recombinase, Gal4 transcription factor, HCV protease and protease-
activatable ion channel pannexin-1 (PanX1). Although PhoCl has been applied in

2.4 a drawback of

several cell physiology*® and materials chemistry applications
the original PhoCl1 was a relative slow rate of dissociation, with a half-time around
500 s. We envisioned that PhoCl1 could be amenable to further improvement via
protein engineering.

Photoconversion of PhoCl occurs when the green fluorescent chromophore
is converted into a red fluorescent chromophore as the result of a photo-induced
bond cleavage reaction. Following bond cleavage, the two fragments spontaneously
dissociate and the red fluorescence is quenched by exposure of the chromophore to
water molecules. Consequently, the original screening method was based on the
disappearance rate of red fluorescence’®. Although the variant (PhoCl1) identified
by using this method has faster dissociation than the circular permutated prototype,
the improvement was moderate. In addition, the original method is an indirect way
to detect the physical separation of the cleaved two parts.

To overcome the limitations of the original screening method, and develop

a further improved version of PhoCl, we employed a luciferase complementation

assay as a novel high-throughput screening method to measure the dissociation
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more directly. Guided by the X-ray crystal structures of PhoCl, we have developed
a second generation of PhoCl variants with improved dissociation rate or efficiency

using protein engineering and directed evolution.

2. 2 Results and discussion

2. 2. 1 Crystal structures of PhoCl1

To obtain a better understanding of the structural changes associated with
photoconversion and peptide dissociation, we collaborated with the group of Dr.
M. Joanne Lemieux (Department of Biochemistry, University of Alberta) and
determined the X-ray crystal structures of the green state of PhoClIl (2.1 A
resolution), the red state (2.3 A resolution), and the cleaved PhoCl1 empty barrel
(2.8 A resolution) (Figure 2.2).

The red state was produced by partial photoconversion of a crystal of the
green state (Figure 2.2b). By illumination with 405 nm violet light (15 s light with
LED array, 3.46 mW/mm?), photoconverted PhoCl1 crystals changed from visibly
yellowish to visibly orange-red. This orange-red color of the photoconverted
PhoCll was stable for at least one month, and we did not observe any peptide
dissociation in the context of the crystal, presumably due to the very high
concentration of protein or steric constraints imposed by crystal packing.

The X-ray crystal structure of the red state revealed that only 2 of the 6
monomers in the asymmetric unit photoconverted from the green to the red state.
Initial attempts to model each of the 6 monomers in the asymmetric unit of the

photoconverted crystal as a mixture of green and red chromophore structures
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resulted in unsatisfactory fits to the experimental electron density. The best fit of
the electron density was achieved by modeling 2 monomers as red state
chromophores (chains A and B), and 4 monomers as green state chromophores
(chains C, D, E, F). It remains unclear why 2 of 6 monomers were preferentially
photoconverted upon illumination, rather than all 6 monomers experiencing equal
photoconversion and each existing as a mixture of 33% red state and 67% green
state. We speculate that highly efficient Forster resonance energy transfer (FRET)
between the closely packed proteins in the crystal may have funneled energy into
those monomers that were in the least favorable orientation to act as FRET donors
and/or the most favorable orientation to act as FRET acceptors. These monomers
may have been more likely to undergo photoconversion due to their higher

probability of excitation or longer excited state lifetimes.

b PhoCl1 PhoCl1 PhoCl1
Green state Red state Empty barrel

,\‘
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Figure 2.2 PhoCll protein structures and crystallization. (a) Representation of
PhoCll structures. Green state of PhoCl1: green structure, the red state: magenta
structure, and the cleaved PhoCll empty barrel: grey structure. Water-filled cavity
was represented as a blue space-filling volume. Dissociated peptide fragment was
shown as sticks for the peptide portion and spheres for the chromophore portion.
(b) Visible color changes in a crystal of PhoCll upon illumination, and a

transparent crystal of PhoCl1 empty barrel.

The chromophore of PhoCl is generated from the autogenic post-
translational modification of His232, Tyr233, and Gly234, which are structurally
aligned with Ser65, Tyr66, and Gly67, respectively, of Aequorea victoria green FP
(avGFP)"**. All residues are numbered consistently with the numbering used in the
X-ray crystal structures. Upon illumination with violet light, the cleavage of the
main chain of the protein at the amide bond connecting Phe231 to the His232-
derived portion of the chromophore was observed in the red state (Figure 2.3a).
Other than the changes in the vicinity of Phe231 and the chromophore, as shown
here, the overall structures of the green and red states are essentially identical.

Photocleavage and dissociation leaves a water-filled cavity where the
peptide fragment previously resided in the interior of the empty barrel structure. To
purify the PhoCl empty barrel protein sample for crystallization, the intact PhoCl
protein with His purification tag fusion was captured by Ni-NTA agarose and was
photoconverted on the column with repeated violet light illumination, and the
eluent containing the PhoCl empty barrel was collected. Compared to the red state,
the conformational changes were observed in the determined crystal structure of

the empty barrel (Figure 2.3b,c and Figure 2.4). The structure of the peptide
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fragment was not determined experimentally and is represented here for the sake of

clarity.
a Asn235 Asn235
Tyr233
Gly234
His232
Nfa231
201-207

loop

Figure 2.3 PhoCl chromophore structure change and protein conformational
changes after illumination. (a) The experimentally-determined structure of the
PhoCll chromophore in the green and red states. (b) Structure alignment of the
PhoCl1 red state and empty barrel colored by RMSD values. The RMSD values
were indicated by scale bar and coil thickness (thicker coil indicates higher RMSD).
(¢) Zoomed-in representation of the 201-207 loop in the aligned structures of the

red state (magenta) and empty barrel (grey).
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To show the conformational changes in structural alignment of the PhoCl1
red state and the empty barrel more clearly, the root-mean-square deviation
(RMSD) of all residues (that is, the average RMSD for all atoms in each residue)
between the two structures were calculated. The resulting RMSD values were used
to color the cartoon coil alignment representation (using colour scale shown) and
to adjust the coil diameter (thicker coil indicates higher RMSD) (Figure 2.3b). The
representation reveals that the most substantial, and observable, conformational
changes occur in the 201-207 loop (indicated by a red oval). In the empty barrel
structure, the 201-207 loop has folded in towards the center of the barrel, relative
to its position in the red state structure (Figure 2.3¢).

Notably, if no protein rearrangement had occurred in the empty barrel
following peptide dissociation, there should be perfect overlap between the peptide
and chromophore and the cavity in the empty barrel. As shown in Figure 2.4, the
two surfaces are highly overlapped, but the cavity is not identical to the space where
the C-terminal peptide resides in the intact protein. The main difference results from
folding of the 201-207 loop into the barrel. We speculate that this conformational
change helps to stabilize the dissociated state by partially filling the void generated

by dissociation of the small peptide fragment.
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Figure 2.4 Additional information on protein conformational changes. (a) The
superimposed PhoCll red state and empty barrel. The B-barrel of the red state
structure is represented in grey, with the dissociable peptide and chromophore
shown as magenta sticks surrounded by a semi-transparent magenta surface. The
empty barrel structure is represented in grey with the water-filled cavity represented
as semi-transparent light blue surface. (b) Zoomed-in representation of the
superimposed dissociable peptide and chromophore in the red state and water-filled

cavity in the empty barrel.

2. 2. 2 Luciferase-based complementation assays for screening
To overcome the drawback of slow dissociation, we attempted to achieve

further improvement of PhoCll by protein engineering and structure-guided
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directed evolution. Here, I describe my efforts which led to the development of two
second generation PhoCl variants, designated PhoCl2c (higher dissociation contrast
ratio) and PhoCI2f (faster dissociation rate).

To screen libraries of PhoCl variants on the basis of dissociation rate and
efficiency, we employed a NanoLuc luciferase!é>-based complementation assay
(Figure 2.5a). PhoCl with long flexible linkers at both termini was incorporated
into the NanoLuc Binary Technology (NanoBiT) system!¢® (Figure 2.5b) which
was firstly reported by Dixon ef al. in 2016 (Ref. 163). NanoBiT luciferase uses the
substrate furimazine'®? to produce high intensity luminescence (Figure 2.5¢) only
when the two split fragments are brought together to form the intact enzyme. The
low affinity (Kp = 190 uM) of the NanoBiT fragments makes it a suitable split

163 Dissociation of the intact

reporter for protein-protein interactions (PPIs) studies
PhoCl upon illumination can be monitored by the decrease in bioluminescence
intensity resulting from separation of the two complementary fragments of

NanoBiT: Large BiT (LgBiT; 18 kDa) and Small BiT (SmBiT; 11 amino acid

peptide).
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Figure 2.5 Luciferase-based complementary assay design. (a) Schematic of the
PhoCl screening strategy design. (b) The two split complementary fragments of
NanoBiT luciferase. LgBiT is presented in blue surface. SmBiT is presented in red
surface and its N- and C-terminus are colored in yellow. (¢) Reaction scheme of the
furimazine substrate. (Note: Figure 2.5b is reprint from Ref. 162

(https://pubs.acs.org/doi/10.1021/acschembio.5b00753) and used with the

permission of publisher. Further permissions related to this material excerpted

should be directed to the ACS.)

As the proof-of-concept experiments, we tested several constructs
containing split NanoBiT with or without PhoCl insertion (Table 2.1). Initially we

repeated the original assay reported the literature!®?

. Instead of incorporating PhoCl
in the middle, LgBiT and SmBiT fragments are connected with a tobacco etch virus
(TEV) protease substrate peptide (TEVs). After treatment the purified LgBiT-
TEVs-SmBiT protein fusion (500 nM concentration) with TEV protease, the

luminescence intensity decreases substantially (Figure 2.6a) which confirms that

the low affinity between the two fragments of NanoBiT is outside the typical range
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for PPIs. We then tested the dissociation extent of our previously reported PhoCl
(PhoCl1) with LgBiT-PhoCl1-SmBiT purified protein fusion. Bioluminescence
signals of the protein samples, with and without illumination to induce
photocleavage, were measured at 5 min after photoconversion. We found that
PhoCll exhibited a moderate decrease in bioluminescence intensity upon
illumination due to partially dissociation (Figure 2.6b), consistent with our
expectations. To increase the solubility of the SmBiT fused to small peptide
fragment of PhoCl, we fused the maltose binding protein (MBP) to the C-terminus
of the construct. Addition of MBP to the small fragment produced a slightly greater
bioluminescence decrease (emission at 460 nm) upon illumination. Accordingly,

the construct LgBiT-PhoCI-SmBiT-MBP was employed in PhoCl library screening

$
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Figure 2.6 Bioluminescence spectra of the fusion proteins. (a) Luminescence
emission spectra of the LgBiT-TEVs-SmBIT fusion protein, both with and without
TEV protease (TEVp) treatment. (b) Luminescence emission spectra of the LgBiT-
PhoCl1-SmBiT fusion protein, both with and without photoconversion. (c¢)
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Luminescence emission spectra of the LgBiT-PhoCl1-SmBiT-MBP fusion protein,

both with and without photoconversion.

Table 2.1 Summary table of dynamic ranges in luciferase complementary

assay.
Fusion Protein Emission (460 nm) Emission (integration)
LgBiT-TEVs-SmBiT -100% -100%
LgBiT-PhoCl1-SmBiT -32% -42%
SmBiT-PhoCl1-LgBiT -16% -22%
SmBiT(86)*-PhoCI1-LgBiT  -12% -22%
LgBiT-PhoCl1-SmBiT-MBP  -35% -40%

Note: * SmBIiT(86) is a peptide variant with high binding affinity to LgBiT (Kp =

700 pM)!63,

2. 2. 3 Development of PhoCl2 variants

Starting from the template encoding of PhoCll, two error-prone PCR

libraries and 32 site-directed mutagenesis libraries were screened (Figure 2.7)

using the bioluminescence screening assay described in section 2.2.2.
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1;&0'"'5:;';& Site-directed
mutation Tyr117Cys

Cys99Gly
7 site-directed libraries
[Arg145Lys Asn146Thr] W PhoCl2c Comb,ne
key mutations
PhoCI1 1 PhoC|1 5f-
PhoCl1.5f-
1 error-prone PhoCI2f-S MVS PhoCI1.5f-
PCR library PhoCl1.5f- MVLS

Lys49GIn

PhoCI1 5- LS \

Combine
key mutations

3 site-directed libraries
Tyr1 17Cys

22 structure guided
site-directed libraries

Val143Met, Ala144Val,
Lys202Leu and |le207Ser

Figure 2.7 Flow chart of PhoCl evolution. The PhoCl variants in the screening
process are represented in blue rectangles. The final PhoCl2 variants are presented
in green rectangles. The library generation method, specific mutations discovered,

and other key points, are described in white rectangles.

Guided by PhoCll protein structure of the red state, the surrounding
residues that interact with the dissociable peptide were randomized by using site-
directed mutagenesis libraries. With the exception of the residues that are hydrogen
bonded to the chromophore directly, the residues involved in either hydrogen
bonding or hydrophobic contacts with the peptide and chromophore (Ile3, Asp5,
Phe7, LysS8, Phell, Glyl4, Tyrl5, Ile35, Met37, Glu38, Gly39, Asp40, Phe42,
Arg77, Asp78, Gly79, Val80, Met87, Tyrl117, His118, Val120, His122, Leul38,
Tyr139, Vall43, Alal44, Argl45, Asnl46, Metl62, Aspl77, Metl78, Gly201,
Lys202, Pro203, Phe204, Glu205, Gly206, 11207, GIn208, Ile210, Thr229,
Ala230, Thr239 and Lys240) (in Table 2.2 and Figure 2.8), were randomised by
site-directed mutagenesis to introduce a codon (NNK) encoding all 20 amino acids

into the gene.
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Table 2.2 Summary of the interactions of PhoCll dissociable peptide and

chromophore in the red state structure.

Residues Hydrogen Bonding Hydrophobic Interaction
(2.90 A -3.90 A)
Chromophore ~ Trpl7 (2.86), Argl9 (2.86, 2.44), Met87, His122, Ile124, Leul38,
Ser70 (2.98), Nfa231 (2.85) Tyr139, Glu140, GIn208, 1le210,
Thr229, Ala230, Arg236
Asn235 Tyrl5 (2.71), Asnl80 (3.27), Ile35
Val237 (3.30)
Arg236 Tyrl5 (3.00), Glul40 (3.17,2.49), Phe7, Met74, His122, Alal42,
Tyr239 (2.92,2.68) ley233, Phe238
Val237 Lys8 (2.96), Asn235 (3.30) Phell, Phe42, Pro203, Thr239
Phe238 NA Alal42, Asnl80, Gly201,
Lys202,  Pro203,  Gly206,
GIn208, Arg235
Thr239 Lys8 (2.62), Arg236 (2.68,2.92), Pro203, Gly206, Val237
Tyr241 (3.12)
Lys240 Alal42 (3.26), Alal44 (3.32) Vall43,  Phe204,  Glu205,
Gly206
Tyr241 His118 (2.60), Thr239 (3.12) Ile3, Asp5, Pro4
Pro242 NA NA
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Figure 2.8 Schematic diagram of the dissociable peptide and chromophore in

the PhoCll red state generated by LIGPLOT. The peptide and chromophore are

represented with magenta-colored bonds. Hydrogen bonds are represented in green

dashed lines and the hydrogen-bonded residues are represented with grey-colored

bonds. Hydrophobic contacts are represented as red arcs with radiating lines.

Using the bioluminescence assay, gene libraries generated by error-prone

PCR and site-directed mutagenesis were screened as bacterial lysates.

Photoconversion was performed using 30 s of illumination with a 405 nm LED
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array. The top ~2% variants which exhibited large bioluminescence intensity
decreases within 5 min after photoconversion were subjected to DNA sequencing
and used as templates for the next round of evolution.

Based on the site-directed mutagenesis screening results, some specific
mutations (for example Vall43Met, Alal44Val, Lys202Leu and Ile207Ser in loop
201-207) led to significant faster dissociation kinetics (more details provided in
section 3.2.1). However, the large majority of mutations caused decreased
efficiency of chromophore formation (evident as reduced green fluorescence). Poor
chromophore formation was considered to be undesirable because proteins that do
not form the chromophore cannot be photoconverted and undergo dissociation.

A total of 34 libraries targeting 46 different positions in the protein were
screened (Figure 2.7), ultimately leading to the identification of PhoCl2¢ variant
(with Cys99Gly) with enhanced dissociation efficiency. Among the variants with
faster dissociation, the variant designated PhoCI2{-S with key mutation Ile207Ser
exhibited higher chromophore formation efficiency (will be described in section
3.2.1) and better expression in mammalian cells (will be described in section 3.2.2).
Accordingly, this variant was re-named as the final PhoCI2f variant. We will
describe the protein characterizations of the PhoCI2 variants with more details in
section 3.2. The mutations in new variants are summarized in Table 2.3 and

represented in protein sequence alignment (Figure 2.9).
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10 20 30 40 50 60 70
PhoCI1 MVIPDYFKQSFPEGYSWERSMTYEDGGICIATNDITMEGDSFINKIHFKGTNFPPNGPVMQKRTVGWEASTEKMY 75
PhoCl1.5f-MV MVIPDYFKQSFPEGYSWERSMTYEDGGICIATNDITMEGDSFINKIHFQGTNFPPNGPVMQKRTVGWEASTEKMY 75
PhoCl1.5f-L MVIPDYFKQSFPEGYSWERSMTYEDGGICIATNDITMEGDSFINKIHFQGTNFPPNGPVMQKRTVGWEASTEKMY 75
PhoCl1.5f-MVS MVIPDYFKQSFPEGYSWERSMTYEDGGICIATNDITMEGDSFINKIHFQGTNFPPNGPVMQKRTVGWEASTEKMY 75
PhoCl1.5f-LS MVIPDYFKQSFPEGYSWERSMTYEDGGICIATNDITMEGDSFINKIHFQGTNFPPNGPVMQKRTVGWEASTEKMY 75
PhoCl1.5f-MVLS MVIPDYFKQSFPEGYSWERSMTYEDGGICIATNDITMEGDSFINKIHFQGTNFPPNGPVMQKRTVGWEASTEKMY 75
PhoCI2f-S MVIPDYFKQSFPEGYSWERSMTYEDGGICIATNDITMEGDSFINKIHFQGTNFPPNGPVMQKRTVGWEASTEKMY 75
PhoCl2c MVIPDYFKQSFPEGYSWERSMTYEDGGICIATNDITMEGDSFINKIHFQGTNFPPNGPVMQKRTVGWEASTEKMY 75

80 90 100 110 120 130 140 150
PhoCl1 ERDGVLKGDVKMKLLLKGGGHYRCDYRTTYKVKQKPVKLPDYHFVDHRIEILSHDKDYNKVKLYEHAVARNSTDS 150
PhoCl1.5f-MV ERDGVLKGDVKMKLLLKGGGHYRCDYRTTYKVKQKPVKLPDCHFVDHRIEILSHDKDYNKVKLYEHAMVKTSTDS 150
PhoCl1.5f-L ERDGVLKGDVKMKLLLKGGGHYRCDYRTTYKVKQKPVKLPDCHFVDHRIEILSHDKDYNKVKLYEHAVAKTSTDS 150
PhoCl1.5f-MVS ERDGVLKGDVKMKLLLKGGGHYRCDYRTTYKVKQKPVKLPDCHFVDHRIEILSHDKDYNKVKLYEHAMVKTSTDS 150
PhoCl1.5f-LS ERDGVLKGDVKMKLLLKGGGHYRCDYRTTYKVKQKPVKLPDCHFVDHRIEILSHDKDYNKVKLYEHAVAKTSTDS 150
PhoCl1.5f-MVLS ERDGVLKGDVKMKLLLKGGGHYRCDYRTTYKVKQKPVKLPDCHFVDHRIEILSHDKDYNKVKLYEHAMVKTSTDS 150
PhoCl2f-5 ERDGVLKGDVKMKLLLKGGGHYRCDYRTTYKVKQKPVKLPDCHFVDHRIEILSHDKDYNKVKLYEHAVAKTSTDS 150
PhoCl2c ERDGVLKGDVKMKLLLKGGGHYRGDYRTTYKVKQKPVKLPDCHFVDHRIEILSHDKDYNKVKLYEHAVAKTSTDS 150

160 170 180 190 200 210 220
PhoCl1 MDELYKGGSGGMVSKGEETITSVIKPDMKNKLRMEGNVNGHAFVIEGEGSGKPFEGIQTIDLEVKEGAPLPFAYD 225
PhoCl1.5f-MV MDELYKGGSGGMVSKGEETITSVIKPDMKNKLRMEGNVNGHAFVIEGEGSGKPFEGIQTIDLEVKEGAPLPFAYD 225
PhoCl1.5f-L MDELYKGGSGGMVSKGEETITSVIKPDMKNKLRMEGNVNGHAFVIEGEGSGLPFEGIQTIDLEVKEGAPLPFAYD 225
PhoCl1.5f-MVS MDELYKGGSGGMVSKGEETITSVIKPDMKNKLRMEGNVNGHAFVIEGEGSGKPFEGSQTIDLEVKEGAPLPFAYD 225
PhoCl1.5f-LS MDELYKGGSGGMVSKGEETITSVIKPDMKNKLRMEGNVNGHAFVIEGEGSGLPFEGSQTIDLEVKEGAPLPFAYD 225
PhoCl1.5f-MVLS MDELYKGGSGGMVSKGEETITSVIKPDMKNKLRMEGNVNGHAFVIEGEGSGLPFEGSQTIDLEVKEGAPLPFAYD 225
PhoCl2f-5 MDELYKGGSGGMVSKGEETITSVIKPDMKNKLRMEGNVNGHAFVIEGEGSGKPFEGSQTIDLEVKEGAPLPFAYD 225
PhoCl2c MDELYKGGSGGMVSKGEETITSVIKPDMKNKLRMEGNVNGHAFVIEGEGSGKPFEGIQTIDLEVKEGAPLPFAYD 225
|
230 240
PhoCl1 ILTTAFHYGNRVFTKYPR 243
PhoCl1.5f-MV ILTTAFHYGNRVFTKYPR 243
PhoCI1.5f-L ILTTAFHYGNRVFTKYPR 243
PhoCl1.5f-MVS ILTTAFHYGNRVFTKYPR 243
PhoCl1.5f-LS ILTTAFHYGNRVFTKYPR 243
PhoCl1.5f-MVLS ILTTAFHYGNRVFTKYPR 243
PhoCl2f-S ILTTAFHYGNRVFTKYPR 243
PhoCl2c ILTTAFHYGNRVFTKYPR 243

Figure 2.9 Sequence alignment of PhoCl variants. Alignment was performed on
SnapGene software. The sequence of PhoCl1 was used as reference. The mutations

in variants were highlighted in yellow-orange.

Table 2.3 Summary table of mutations in PhoCl2 variants.

Variants Mutations

PhoCl1.5f-MV Lys49GIn, Tyr117Cys, Vall43Met, Alal44Val, Argl45Lys, Asn146Thr
PhoCl1.5f-L Lys49GIn, Tyr117Cys, Argl45Lys, Asn146Thr, Lys202Leu

Lys49GIn, Tyr117Cys, Vall43Met, Alal44Val, Argl45Lys, Asnl146Thr,
PhoCl1.5f-MVS

11e207Ser

PhoCl1.5f-LS Lys49GIn, Tyr117Cys, Argl45Lys, Asn146Thr, Lys202Leu, 11e207Ser

63



Lys49GIn, Tyr117Cys, Vall43Met, Alal44Val, Argl45Lys, Asn146Thr,
PhoCl11.5f-MVLS

Lys202Leu, I1e207Ser
PhoCI2f-S Lys49GIn, Tyr117Cys, Argl45Lys, Asn146Thr, 11e207Ser

PhoCl2c Lys49GlIn, Cys99Gly, Tyr117Cys, Argl45Lys, Asn146Thr

2. 3 Conclusion

In this chapter, we describe the structure-guided engineering of the second
generation of PhoCl variants (PhoCl2) with improved dissociation rate (PhoCl2f)
and extent (PhoCl2c). The determined X-ray crystal structures of the PhoCll
provided us with valuable insight into the conformational changes associated with
light-dependent dissociation. By screening libraries in which residues of interest
were randomized, a number of key mutations that affect the dissociation were
identified. In ongoing work in our lab, the detailed dissociation process is being
further elucidated via computational modeling and simulation study. An important
conclusion from this work is that the luciferase-based complemention assay can be
utilized for screening the dissociation of PhoCl. We expect that this high-
throughput screening method based on protein-protein interactions (PPIs) could be

used to engineer other improved photosensory domains in optogenetic actuators.

2.4 Methods and materials

2. 4. 1 General molecular biology methods and materials
All synthetic DNA oligonucleotides were purchased from Integrated DNA

Technologies (IDT). Plasmid constructions were performed with standard
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restriction enzyme cloning or In-fusion HD Cloning kit (Takara Bio USA)
according to the manufacturer’s protocol. Q5 high-fidelity DNA polymerase (New
England BioLabs) was used for standard polymerase chain reaction (PCR)
amplification, and Taq DNA polymerase (New England BioLabs) was used for
error-prone PCR. Restriction enzymes and T4 ligase were purchased from Thermo
Fisher Scientific. Site-directed mutagenesis was performed using QuikChange
Lightening kit (Agilent). Transformation of bacterial cells with plasmid DNA was
performed by electroporation using a MicroPulser Electroporator (Bio-Rad).
GeneJET gel extraction kit and plasmid miniprep kit (Thermo Fisher Scientific)
were used for DNA extraction. DNA sequencing was performed by the University

of Alberta Molecular Biology Service Unit.

2. 4. 2 Plasmid construction

For constructing the PhoCl screening vector, the NanoBiT template was
ordered as a synthetic gBlock from IDT. The NanoBiT gene sequence was back-
translated from the amino acid sequence!®® with codon optimization for Escherichia
coli expression. A gene encoding LgBiT-PhoCI-SmBiT containing 5’ Kpnl and 3’
Xbal restriction sites at the ends of PhoCl was made by overlap extension PCR.
Each terminus of PhoCl and split NanoBiT fragments were joined by linker

sequences reported in a previous study!®

. The gene fragments encoding LgBiT-
PhoCI-SmBIiT (with 5> Xhol and 3’ EcoRI restriction sites) and maltose binding
protein (MBP) (with 5’ EcoRI and 3° HindIII restriction sites) were digested and

inserted between the Xhol and HindIII sites of pBAD/HisB vector by three-way
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ligation thus yielding the PhoCl screening construct of Xhol-LgBiT-Kpnl-PhoCl1-
Xbal-SmBiT-EcoRI-MBP-Hindlll. The other constructs encoding the fusion
proteins used in luciferase-based complementary assays (as described in section
2.2.2) were synthesized in a similar method but with different restriction sites of
pBAD/HisB vector. These plasmids constructs are: Xhol-LgBiT-TEVs-SmBiT-
HindIll;  Xhol-LgBiT-PhoCl1-SmBiT-HindIll;  Xhol-SmBiT-PhoCl1-LgBiT-
HindIIl; and Xhol-SmBiT(86)-PhoClI-LgBiT-HindIIl. Primer sequences are
provided in Table 2.4. The protein sequence of TEV cut site used in this study is:

ENLYFQS!64165.

2. 4. 3 Protein purification

To purify protein for crystallization, the gene expressing PhoCl with a 6 x
His tag at the C-terminal in pET-28a vector was used to transform E. coli strain
BL21 (DE3) pLysS (Promega). A single colony was picked to inoculate a 5 mL
starting culture that was allowed to grow overnight at 37 °C with 225 rpm before
being diluted into large cultures (1 liter for PhoCl green state and red state; 10 liter
for PhoCl empty barrel) of LB media supplemented with 100 pg/mL ampicillin.
The cultures were allowed to grow at 37 °C to an ODeoo of 0.5, and then induced
with IPTG (0.1 mM) and grown overnight at 28 °C. The E. coli cells were harvested
by centrifuge and lysed by sonication. Protein was purified by Ni-NTA
chromatography (G-Biosciences). For PhoCl empty barrel purification, the intact
His tag fused PhoCl protein was captured by Ni-NTA agarose and was

photoconverted on the column with 10 x 15 s illumination under a 405 nm LED
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array (Loctite; 3.46 mW/mm?), and the eluent containing the PhoCl empty barrel
was collected. The protein crystallization, X-ray data collection and structure
refinements were performed by our collaborator: Dr. Yurong Wen. The detailed
information will be described in section Appendix.

To prepare the fusion proteins for luciferase-based complementary assays,
the E. coli strain DH10B were transformed with the pBAD/HisB vector encoding
the gene of interest. Cultures were induced with L-arabinose (0.2%) and allowed to

grow 24 h at 30 °C. Protein were purified by Ni-NTA chromatography.

2. 4. 4 Luciferase-based complementary assays

The purified fusion protein (constructs described in section 2.2.2) with the
concentration of 500 nM were applied in luciferase assays. For fusion protein
LgBiT-TEVs-SmBIiT, protein samples were treated with TEV protease before
bioluminescence measurement. The hydrolysis reactions were performed with
ProTEV Plus (Promega) at 30 °C for 4 hours according to the manufacturer’s
protocol. For the fusion protein with PhoCl insertion, samples were illuminated
with 30 s violet light under LED flood array (Loctite) with an intensity of 3.46
mW/mm?. At 5 min after photoconversion, the luminescence emission spectra of
the protein, both with and without hydrolysis or photoconversion, were measured
immediately after treatment with the luciferase substrate furimazine (working
concentration: 10 pg/mL). The bioluminescence spectrums were acquired with a

Synergy HTX plate reader (BioTek).
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2. 4. 5 Mutagenesis and library screening

The PhoCl libraries were generated by error-prone PCR or site-directed
mutagenesis with degenerate codons at the targeted sites. Primer sequences are
provided in Table 2.4. E. coli strain DH10B (Thermo Fisher Scientific)
electrocompetent cells were transformed with the gene libraries and grown on
lysogeny broth (LB) agar plates supplemented with 100 pg/mL ampicillin and
0.02% L-arabinose. For libraries generated by error-prone PCR, approximately
10,000 colonies were screened in a given round. The colonies exhibiting the
brightest green fluorescence (top ~ 2%), as determined using a custom-built colony
screener® (for green channel: 470/40 nm excitation and 510/20 nm emission), were
picked and cultured in 1 mL medium in 96-well deep block plates (Thermo Fisher
Scientific). For libraries generated by randomization of one codon, 190 colonies
(approximately six-fold the theoretical number of gene variants generated from an
NNK codon, where N = A, G, C, T and K = G, T) were picked randomly and
screened. For libraries generated by randomization of a combination of two codons,
570 green fluorescent colonies (approximately 50% of the theoretical number of
gene variants) were picked and screened.

For each cultured variant, protein was extracted using 50 pL 0.5% of n-
octyl-B-D-thioglucopyranoside in Tris buffered saline (TBS, pH 8) and then further
diluted 1:4 in PBS buffer (pH 7.4). Photoconversion was performed in transparent
microplates (Nunc-Thermo Fisher Scientific; Mfr.No. 265302) under LED flood
array (3.46 mW/mm?). Diluted samples (100 pL), with and without

photoconversion, were tested on 96-well plates (Thermo Fisher Scientific) at 5 min
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after photoconversion. To each well was added 10 pL luciferase substrate
furimazine in PBS solution (0.1 mg/mL), and the luminescence intensity (endpoint
mode) was measured immediately using a Cytation 5 plate reader (BioTek). The
top 2% variants with bright bioluminescence and large intensity decrease (> 60%
decrease) were picked for sequencing and used as templates for the next evolution.
A total of 34 libraries with 46 targeted amino acids were screened for the

identification of the PhoCl2¢ and PhoCl2f variants.

Table 2.4 Primers used in Chapter 2.

Primers Sequence 5°-3°

pET-28a-PhoCl1-6His construct

F-Ncol-PhoCl1 ATATACCATGGTGATCCCTGACTACTTCAAGCAGAGCTTC
R-PhoCll-linker-Xhol | GTAGCCTCGAGACCTCCACCTCCCCGTGGGTACTTGGTGAACACGC
pBAD/HisB-PhoClI construct

F-XholI-PhoClI1 CCGAGCTCGAGTGTGATCCCTGACTAC
CATCCGCCAAAACAGCCAAGCTTGGTACCTTACCGTGGGTACTTGGTGA
R-PhoCl1*-Kpnl
ACAC
pBAD/HisB-LgBiT-PhoClI-SmBiT-MBP construct
F-Xhol-LgBiT GCAGGCTCGAGGATGGTCTTCACACTCGAAGATTTCGTTGGG

R-LgBiT-linkerl-Kpnl- | GAAGTAGTCAGGGATCACGGTACCAGGTTCTCCGCCGCTAGAACCGCCTCCG
PhoCll overlap PCR CTACTCCC
F-linker1-Kpn1-PhoCl1

GGCGGAGAACCTGGTACCGTGATCCCTGACTACTTCAAGCAGAGC

overlap PCR
R1-PhoCl1-Xbal- CACGCCGCCACTGCTTCCGCCACCGGACGAACCTCTAGACCGTGGGTACTTG
linker2-SmBiT GTGAACAC
R2-linker2-SmBiT- CAGCTGAATTCCAGGATCTCTTCAAAAAGTCTGTATCCAGTCACGCCGCCACT
EcoRI GCTT

. GTACGGAATTCGGGGGTGGAGGTTCAAAAATCGAAGAAGGTAAACTGGTAA
F-EcoRlI-linker3-MBP

TCTGGAT

R-MBP*-HindIII CAGCCAAGCTTTTAAGTCTGCGCGTCTTTCAGGG
pBAD/HisB-LgBiT-TEVs-SmBiT construct
F-Xhol-LgBiT GCAGGCTCGAGGATGGTCTTCACACTCGAAGATTTCGTTGGG

GGTTCTCCGCCGCTAGAACCGCCTCCGCTACTCCCGCTGTTGATGGTTACTCG

R1-LgBiT-linkerl
go1inxer GAACAGC

GAACCATTATCACTCTGAAAATACAAGTTTTCTGTAGTAGGTTCTCCGCCGCT
R2-linker1-TEVs-

linker2 AGAACCG

AGCCGCCACTGCTTCCGCCACCGGACGAACCATTATCACTCTGAAAATACAA

R3-TEVs-linker2
S-imieer GTTTTCTG
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R4-linker2-SmBiT

TTACAGGATCTCTTCAAAAAGTCTGTATCCAGTCACTCCACCCGAGCCGCCAC

TGCTTCC

R5-SmBiT-HindIII

TTACCAAGCTTTTACAGGATCTCTTCAAAAAGTCTGTATCCAG

pBAD/HisB-LgBiT-PhoC1l-SmBiT construct

F-XhoI-LgBiT

GCAGGCTCGAGGATGGTCTTCACACTCGAAGATTTCGTTGGG

R-LgBiT-linkerl-
PhoCl1 overlap PCR

GAAGTAGTCAGGGATCACTGTAGTAGGTTCTCCGCCGCTAGAACCGCCTCCG

CTACTCCC

F-linker1-PhoCl1
overlap PCR

GGCGGAGAACCTACTACAGTGATCCCTGACTACTTCAAGCAGAGC

R1-PhoCl1-linker2

CACGCCGCCACTGCTTCCGCCACCGGACGAACCATTATCCCGTGGGTACTTG

GTGAACAC

R2-linker2-SmBiT-
HindIIT

CAGCTAAGCTTTTACAGGATCTCTTCAAAAAGTCTGTATCCAGTCACGCCGCC

ACTGCTT

pBAD/HisB-SmBiT-PhoClI-LgBiT construct

F1-XhoI-SmBiT-linkerl

GGCGACTCGAGGGTGACTGGATACAGACTTTTTGAAGAGATCCTGGGGAGTA
GCGGAGGC

F2-SmBiT-linkerl

CTGGGGAGTAGCGGAGGCGGTTCTAGCGGCGGAGAACCTACTACA

F3-linker1-PhoCl1

GCGGCGGAGAACCTACTACAGTGATCCCTGACTACTTCAAGCAGAG

R-PhoClI1-linker2
overlap PCR

GCCGCCACTGCTTCCGCCACCGGACGAACCATTATCCCGTGGGTACTTGGTG

AACACGC

F-linker2-LgBiT overlap
PCR

GGTTCGTCCGGTGGCGGAAGCAGTGGCGGCGTCTTCACACTCGAAGATTTCG

TTGGGGAC

R-LgBiT-HindIII

CAGCCAAGCTTTTAGCTGTTGATGGTTACTCGGAACAGC

pBAD/HisB-SmBiT(86)-PhoC1I-LgBiT construct

F1-XhoI-SmBiT(86)-
linkerl

GGCGACTCGAGGGTGTCGGGTTGGCGGTTGTTCAAGAAAATCTCAGGGAGTA
GCGGAGGC

F2-SmBiT(86)-linker1

CTCAGGGAGTAGCGGAGGCGGTTCTAGCGGCGGAGAACCTACTACA

R-LgBiT-HindIII

CAGCCAAGCTTTTAGCTGTTGATGGTTACTCGGAACAGC

Error-prone PCR for PhoCl libraries

EP-F-Kpnl-PhoCl

CGGAGAACCTGGTACCGTGATCCCT

EP-R-Xbal-PhoCl

CGGACGAACCTCTAGACCGTGGGTA

QuickChange primers for PhoCl libraries

I3-antisense TCTGCTTGAAGTAGTCAGGMNNCACGGTACCAGGTTCTCCG
D5-sense GAACCTGGTACCGTGATCCCTNNKTACTTCAAGCAGAGCTTCCCC
F7-antisense CCTCGGGGAAGCTCTGCTTMNNGTAGTCAGGGATCACGGTA

K8-antisense

GCCCTCGGGGAAGCTCTGMNNGAAGTAGTCAGGGATCAC

F11-antisense

CCAGCTGTAGCCCTCGGGMNNGCTCTGCTTGAAGTAGTC

G14 Y15-antisense

AGGTCATGCTGCGCTCCCAGCTMNNMNNCTCGGGGAAGCTCTGCTTGAAG

135-antisense

CTGTCCCCCTCCATTGTMNNGTCGTTGGTGGCGATGC

M37 E38-antisense

TGATGAAGCTGTCCCCMNNMNNTGTGATGTCGTTGGTGGCGATGCAGATGCC
G

G39 D40-antisense

CTGGAAGTGGATCTTGTTGATGAAGCTMNNMNNCTCCATTGTGATGTCGTTG
GTGGCGAT

F42-antisense

CTTGAAGTGGATCTGGTTGATMNNGCTGTCCCCCTCCATTGTGAT

R77 D78-antisense

TCACGTCGCCCTTCAGCACGCCMNNMNNCTCGTACATCTTCTCGGTGCTG
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G79 V80-antisense

CTTCATCTTCACGTCGCCCTTCAGMNNMNNGTCGCGCTCGTACATCTTCTCGG
T

MS87-sense

GCCCTTCAGCAGCAGCTTMNNCTTCACGTCGCCCTTCAG

Y117-antisense

CGGTGGTCCACGAAGTGMNNGTCGGGCAGCTTTACGG

Y117 H118-antisense

TCTCGATGCGGTGGTCCACGAAMNNMNNGTCGGGCAGCTTTACGGGCTTC

V120-antisense

TCTCGATGCGGTGGTCMNNGAAGTGGCAGTCGGGC

H122-antisense

GCTCAGGATCTCGATGCGMNNGTCCACGAAGTGGCAGTC

L138 Y139-antisense

GGAAGTCTTGGCCACGGCGTGCTCMNNMNNCTTCACCTTGTTGTAGTCCTTG
TC

V143 Al44-antisense

GTCCATGCTGTCGGTGGAAGTCTTMNNMNNGGCGTGCTCGTACAGCTTCACC
T

R145 N146-antisense

CTCGTCCATGCTGTCGGTGGAMNNMNNGGCCACGGCGTGCTCGTACAG

M162-sense

GGTGGCAGCGGTGGCNNKGTGAGCAAGGGCGAG

D177 M178-sense

GAGACCATTACAAGCGTGATCAAGCCTNNKNNKAAGAACAAGCTGCGCATG
GAGGGCAAC

G201 K202-antisense

CGTCTGGATGCCCTCGAAGGGMNNMNNGCTGCCCTCGCCCTCGATCAC

P203 F204-antisense

ATCAATCGTCTGGATGCCCTCMNNMNNCTTGCCGCTGCCCTCGCCCTC

F204-antisense

CGTCTGGATGCCCTCMNNGGGCTTGCCGCTGCC

E205 G206-antisense

ACCTCCAAATCAATCGTCTGGATMNNMNNGAAGGGCTTGCCGCTGCCCTCGC

1207-antisense

CTCCAAATCAATCGTCTGMNNGCCCTCGAAGGGCTTGCC

1207 Q208-antisense

TCCTTCACCTCCAAATCAATCGTMNNMNNGCCCTCGAAGGGCTTGCCGCTGC

1210-antisense

CCTCCTTCACCTCCAAATCMNNCGTCTGGATGCCCTCGAAG

T229 A230-antisense

AACACGCGGTTGCCGTAGTGGAAMNNMNNGGTCAGGATGTCGTAGGCGAAG
G

T239-antisense

CATTATCCCGTGGGTACTTMNNGAACACGCGGTTGCCGTAG

K240-antisense

ACCTCTAGACCGTGGGTAMNNGGTGAACACGCGGTTGCC
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Chapter 3 PhoCl2 protein characterization and application

3. 1 Introduction

The photocleavable protein (PhoCl) reported by our group in 2017 (Ref. 36)
represented a new category of photosensory domain for use in optogenetic
actuators. Unlike other photosensory domains, PhoCl undergoes light-dependent
irreversible dissociation via covalent bond cleavage. PhoCl is engineered from a
circularly permutated version of a green-to-red photoconvertible fluorescent
protein (FP)!3®, When illuminated with violet light, PhoCl undergoes bond cleavage
at the green chromophore. This bond cleavage produces a large “empty barrel” N-
terminal fragment, and a small C-terminal “chromophore peptide” fragment, which
spontaneously dissociate from each other.

In our previous study, the spontaneous dissociation of the first generation
version of PhoCl (PhoCl1) was validated and demonstrated via a variety of protein
characterization assays®¢. Spectroscopic analysis of purified PhoCl revealed that
photoconversion results in the transient formation of a red fluorescent state that is
then quenched by water during the release of the C-terminal peptide fragment.
Consequently, dissociation kinetics (12 ~ 500 s) were determined by the loss of red
fluorescence after photoconversion. The dissociation rate and extent of PhoCl1 has
also been analyzed by time-lapse electrospray ionization mass spectrometry (ESI-
MS). Analysis of the photocleavage of PhoCll as a fusion protein by western
blotting and gel-filtration chromatography (GFC) provided additional evidence of

spontaneous dissociation.
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PhoCl1’s utility and versatility as a photosensory domain has been
demonstrated by the construction of optogenetic actuators that manipulate a number
of biological processes in cells. Upon illumination, the trapped or caged
biofuntional modules are released on a timescale of minutes, and the activated
proteins could perform long-term actions until they are degraded in cells. In our
previously reported study, PhoCl1 was utilized for optical control of biofunctional
modules through three strategies (Figure 3.1), which will be discussed in more

details.

Figure 3.1 Schematic representations of PhoCl-based actuators design
strategies. (a) Optical control of protein translations by photocleavage. “Tag” is

short for localization tag, and “BFM” is short for biofunctional module. (b)
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Optogenetic activation of the biofunctional module by releasing steric hindrance.

(¢) Optogenetic activation of the biofunctional module by releasing its inhibitor.

One strategy is to modulate the activity of a biofunctional module through
manipulation of protein localization. In this approach, PhoCl and the biofunctional
module are fused to a localization tag (such as nuclear exclusion sequence (NES)!%6,
nuclear localization sequence (NLS)!'®’, or membrane targeting motif (CAAX)!%),
such that the function of the biofunctional domain is caged in the dark state due to
the inaccessibility to its target area. After transient illumination, subcellular protein
translocation is manipulated due to detachment of the localization tag (Figure
3.1a). Following this strategy, optogenetic control of gene expression has been
achieved by using PhoCll photocleavage to release a Gal4-VP16 transcription
factor!'®,

Another strategy is to design the PhoCl-mediated actuators based on steric
controls. In previous work, we demonstrate blocking of the activity of biofunctional
module by fusing to steroid receptor (SR) domains!” (Figure 3.1b). Caging of the
protein of interest likely involves interaction between SR domain with heat shock
protein 90 (Hsp90), which leads to steric blocking, partial unfolding, and
sequestering the biofunctional domain in the cytoplasm. Compared to the
translocation strategy, the steric control strategy has enabled the activation of Gal4-
VP16 transcription factor with much lower background signals. This PhoCl-SR-
fusion also enabled the light-induced gene expression by photo-uncaging of Cre

recombinase.
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The third actuator design strategy is to utilize PhoCl as a photocleavable
linker between the biofunctional domain and its proteinaceous inhibitor (Figure
3.1¢). In this approach, the protein function would be inhibited in the dark state,
until the inhibitor is released by photocleavage. Based on this strategy, our group
reported the development of a photoactivatable HCV protease (HCVp) by inserting
PhoCl between HCVp and its inhibitory peptide (I)!”!. We expect that this generic
design could prove widely useful to engineer other photoactivatable enzymes.

In this Chapter, we describe our efforts to demonstrate the improved
properties of the second generation versions of PhoCl (PhoCl2¢ and PhoCI2f). The
kinetics and efficiency of dissociation were compared between PhoCl2 variants and
PhoCll by using spectroscopy, gel filtration chromatography (GFC) and SDS-
PAGE analysis. The dissociation rate and ratio were further demonstrated in cell-
based experiments, by using our previous assay for manipulating subcellular
protein localization through PhoCl-dependent cleavage of a NES. We also explored
the utility of PhoCl2 for optical control of cell apoptosis by engineering of a light-
activatable pro-apoptotic protein Bid. We expect that the PhoCl2-meidated
optogenetic apoptosis could be useful for manipulation of cell life/death decisions
with spatiotemporal precision, which has the therapeutic interest in cancer and

neuropathology!'’2.
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3. 2 Results and discussion

3. 2. 1 Characterization of the PhoCl2 variants

Dissociation kinetics were determined by loss of red fluorescence after
photoconversion as described previously*®. Kinetic measurements of the red
fluorescence loss were monitored immediately following 15 s illumination with 405
nm light (LED array, 3.46 mW/mm?) (Figure 3.2). Variants with mutations found
within or near 201-207 loop (PhoCl11.5f-MV, PhoCl1.5f-L, and PhoCI12{-S) (Figure
3.2), were found to exhibit faster dissociation rates (¢, = 76-140 s) than PhoCll

(t12=570 s) (Figure 3.2a,c).
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Figure 3.2 Dissociation kinetics of PhoCl variants. (a) Dissociation kinetics, as

determined by loss of red fluorescence after photoconversion. The red fluorescence

was monitored immediately following 15 s illumination with 405 nm light (LED

array, 3.46 mW/mm?). Values are mean + SEM (n = 3 independent experiments).
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One phase decay fit was used to determine the dissociation half time, ¢12. R-squared
values for fits range from 0.9830 to 0.9975. (b) Dissociation kinetics of PhoCI2f
and PhoCl1.5f variants with the combinations of key mutations. (¢,d) Loss of red
fluorescence after photoconversion without normalization. These are the raw data
shown in a and b. RFU, relative fluorescence units. Each protein was at a
concentration of 500 nM, except for PhoCl1.5f-MVLS which was at 5 uM due to

its poor chromophore formation.

We next attempted to combine key mutations to explore whether they would
have additive beneficial effects on the rate of dissociation (Figure 3.2b,d). We
found that the combination of Vall43Met, Alal44Val and Lys202Leu (PhoCl1.5f-
MVL) led to poor dissociation efficiency. The PhoCl1.5f-MVS variant (with
Vall43Met, Alal44Val and 11e207Ser), the PhoCl11.5f-LS variant (with Lys202Leu
and I1e207Ser) and the PhoCl1.5-MVLS variant (with all four key mutations)
exhibited faster dissociation rates (¢;2 = 15-30 s). However, these variants also
exhibited dim brightness (Table 3.1) due to a decreased efficiency of protein
folding. Due to its poor expression, we were unable to purify sufficient quantities
of the PhoCl1.5f-MVLS variant to enable spectral characterization. Taking into
account the factors of both dissociation rate and protein expression level, PhoCI2f-
S variant with the mutation Ile207Ser was finally identified as the second

generation version of PhoCl with faster dissociation rate (¢;2 =76 s).
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Table 3.1 Properties of PhoCl variants.

Protein Extinction Coefficients Quantum Yield Brightness Dissociation
€ (488 nm) €(405nm) 488 nm 488 nm Half Time (s)

mMaple 22 9.3 0.89 20 NA

PhoCl1 34 8.3 0.73 25 570
PhoCl2c 22 9.9 0.48 10 700
PhoCI2£-S 24 13 0.50 12 76
PhoCl1.5f-MV 27 11 0.53 15 130
PhoCl1.5f-L 25 12 0.45 11 140
PhoCl1.5f-MVS 25 13 0.29 7.3 30
PhoCl1.5f-LS 20 15 0.36 7.2 21
PhoClI1.5-MVLS NA NA NA NA 14

Note: Extinction coefficient and brightness in mM-'cm!. All measurements were
performed with purified proteins in PBS solution (pH 7.4). EGFP extinction
coefficient of 56 mMem™ (Ref. 173) and quantum yield of 0.6 (Ref. 174) at 488

nm were used as reference standards.

Spontaneous dissociation efficiency was determined using a gel filtration
chromatography (GFC) assay, and the size of the eluted proteins in fractions of
GFC eluent were confirmed by SDS-PAGE analysis (Figure 3.3 and Figure 3.4).
This analysis demonstrates that PhoCl2c-MBP fusion had higher dissociation
efficiency with less remaining intact protein (7.9% intact protein) than the PhoCl1-
MBP fusion (28.9% intact protein). Even with the molecular structure of PhoCll1 in
hand, it remains unclear to us why PhoCl2c exhibits higher dissociation efficiency.
The key mutation of PhoCl2c, Cys99Gly, is located on the opposite end of the

barrel from the dissociable peptide.
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The variants with faster dissociation (PhoCl1.5f and PhoCl2f variants) also
exhibited higher dissociation efficiency than PhoCl1, which could be potentially be
a consequence of increased extinction coefficients at 405 nm (Figure 3.5 and Table
3.1) leading to more efficient photoconversion. The variant with the highest
dissociation efficiency is PhoCl1.5f-MVS (7.3% intact protein), but the relatively
poor chromophore formation of this variant will likely limit its potential application

as an optogenetic tool.
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Figure 3.3 Spontaneous dissociation efficiencies of PhoCl-MBP fusion
proteins. (a) Gel-filtration chromatography (GFC) analysis of maltose binding
protein (MBP) fused PhoCl variants. All proteins were tested at the same
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concentration (2 mg/mL) and illumination conditions (15 s LED array illumination,
3.46 mW/mm?2). Partial photoconverted sample was loaded on the HiPrep 16/60
Sephacry S-100 column immediately after illumination. The intact PhoCl-MBP
fusion (75 kDa) was eluted first from the column at a volume of ~ 47 mL. This was
followed by the cleaved peptide-MBP fusion (45 kDa) at ~ 52 mL and then the
cleaved empty barrel (30 kDa) at a volume of ~ 57 mL. (b) Summary of peak area
ratios from the GFC analysis. Baseline correction, multi-peak fitting, and peak area
integration were performed using the OriginLab software. A Gaussian fit model
was used in peak fitting with three fixed widths curves corresponding to the three

elution peaks. R-squared values for peak fits range from 0.9974 to 0.9993.
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Figure 3.4 GFC and SDS-PAGE analysis of PhoCl-MBP fusions. The
absorbance at 280 nm and 450 nm were detected. SDS-PAGE analysis of GFC
fractions for partial photoconverted fusion protein is labeled by fraction numbers

(12 x 1.5 mL, 43.5 - 61.5 mL elution volume).
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Figure 3.5 Absorbance spectra of mMaple and PhoCl variants. Compared to
PhoCll, increased extinction coefficients at 405 nm were observed with the

improved variants.

The dissociation efficiency of PhoCl variants was also confirmed through
the bioluminescence complementation assay (Figure 3.6 and Table 3.2). A
decrease of bioluminescence intensity was expected upon photocleavage.
Photoconvertible protein mMaple inserted into NanoBiT was used as a negative
control in this assay. However, even for this negative control we observed a
decrease in bioluminescence (-26% at 460 nm). We rationalize this decreased
bioluminescence as a result of the change in Bioluminescence Resonance Energy

Transfer!”> (BRET) efficiency as the chromophore is converted from green to red.
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More specifically, BRET to the green state results in sensitized emission that
overlaps with the emission of NanoLuc itself. BRET to the red state results in
sensitized emission at a longer wavelength peak that does not overlap with that of
NanoLuc. This explanation is consistent with the emerging peak at 583 nm

corresponding the mMaple red state (Figure 3.6b).
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Figure 3.6 Bioluminescence complementation assay of PhoCl inserted

NanoBiT. (a) Summary data of bioluminescence intensity (at 460 nm) on key



variants. Purified LgBiT-PhoCIl-SmBiT-MBP fusion protein (500 nM; construct
represented in Figure 2.5a) was applied in this assay. At 30 min after illumination
(15 s with LED array), the luminescence emission spectra of the protein, both with
and without photoconversion, were measured immediately after treatment with the
luciferase substrate furimazine (final concentration: 10 ug/mL). Values are means
+ SEM (n = 3 independent experiments). (b) Bioluminescence spectra of PhoCl
inserted NanoBiT with (light) or without (dark) illumination. Measurement details

were described in a.

Most PhoCl2 variants exhibited substantial decreases in bioluminescence
intensity after illumination, consistent with our expectations (Figure 3.6a).
PhoCl2c¢ and PhoCI2f-MVS variants showed the largest decrease (~ 60%), which
indicates that these two variants have the best dissociation efficiency, consistent
with the GFC analysis. Based on the emission spectra of the dark state, it was
apparent that the BRET efficiency varied between PhoCl variants (Figure 3.6b and
Table 3.2). As with Fluorescence Resonance Energy Transfer (FRET)!7®, BRET
efficiency strongly depends on the interchromophore distance and orientation. With
the same luciferase donor and linkers, the BRET ratio is also related to extinction
coefficient and quantum yield of PhoCl acceptor. After photoconversion, the BRET
signal should decrease or even disappear as a result of the photocleavage of the
green chromophore. Compared to PhoCl1, most of the variants showed decreased
BRET efficiencies (that is, higher ratios of NanoLuc emission at 460 nm to PhoCl
emission at 505 nm), which can be explained by the diminished extinction

coefficients and reduced quantum yields. For these variants with low BRET
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efficiency, bioluminescence intensity at 460 nm decreased upon illumination and

photocleavage, as expected.

Table 3.2 Summary data of bioluminescence assay.

Protein Emission (460 nm) BRET ratio (dark) BRET ratio (light)
mMaple -26% 0.63 0.44
PhoCl1 -39% 0.82 0.47
PhoCl2c -60% 0.66 0.40
PhoCI2£-S -39% 0.69 0.45
PhoCl1.5f-MV +32% 4.08 3.07
PhoCl1.5f-L +36% 1.80 1.18
PhoCI1.5f-MVS -64% 0.68 0.43
PhoClI1.5f-LS -55% 0.63 0.41
PhoCIL.5f-MVLS  -45% 0.58 0.38

Note: The BRET ratio was determined by the use of the PhoCl (505 nm) to
NanoBiT (460 nm) ratio (acceptor/donor ratio). All the data were the means from

triplicate experiments for each variant.

However, for reasons that remain unclear to us, PhoCll1.5f-MV and
PhoCl1.5f-L exhibited substantially higher BRET efficiency than other variants.
Moreover, the luminescence of these two variants increased after photoconversion
which is contrary to what we observed with the other variants. We speculate that
Lys202Leu in PhoCl1.5f-L, and the combination of Vall43Met and Alal44Val in
PhoCl1.5f-MV, may have introduced stabilizing interactions between NanoLuc and

PhoCl that resulted in a more favorable distance or orientation for increased BRET
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efficiency. The high BRET ratio still existed in partial converted protein fusion
after illumination. Hence, the luminescence signal at 460 nm was observed to
increase as a result of the reduced BRET efficiency.

Overall, the key mutations found from screening are clustered in close
vicinity to where the C-terminal peptide emerges from the intact protein (Figure
3.7). It is reasonable to postulate that mutations in this region would affect the
efficiency and rate of peptide dissociation. At this point the mechanisms by which
these mutations are exerting their observed influence on peptide dissociation is
unclear. Two possible mechanisms are: 1) Destabilization of the red state, leading
to a decreased energy barrier for peptide dissociation and faster kinetics; and 2)
stabilization of the empty barrel which would have no effect on the kinetics, but
may lead to a greater overall efficiency of dissociation. The detailed information of
how these mutations affect the peptide dissociation will be further elucidated by

using computational simulation studies.

Strand 11

Figure 3.7 Key residues in or near the 201-207 loop that were identified during

screening.
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3. 2. 2 Optogenetic control of protein localization by PhoCl2 variants in HeLLa
cells

PhoCl dissociation rate and efficiency were verified in transiently
transfected HeLa cells using our previously reported assay for manipulating
subcellular protein localization through PhoCl-dependent cleavage of a nuclear
exclusion sequence (NES)*® (Figure 3.8a). Specifically, in this assay
photocleavage produces redistribution of a red FP (mCherry) between the
cytoplasm and nucleus. Relative to PhoCl1-mCherry, PhoCl2c-mCherry fusion
exhibited a greater amount of nucleus-localized mCherry following photocleavage
to remove the NES (Figure 3.8b). Following protein redistribution after
photocleavage, the cytoplasm to nucleus intensity ratio for PhoCl2¢c-mCherry is

lower than the ratio for PhoCl1-mCherry (Figure 3.8c¢).
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Figure 3.8 Optogenetic manipulation of protein translocation in HeLa cells. (a)
Schematic of the NES-PhoCl-mCherry photocleavage. (b) Representative images
of HeLa cells expressing NES-PhoCl-mCherry before and after (15 min)
photoconversion. Conversion was performed with 10 s violet light pulses (395/40
nm, 2 mW/mm?) every 15 s for 6 mins. Inset is the same image with 10x increased
contrast. Scale bar, 10 pm. (¢) Red fluorescence intensity ratios of cytoplasm to
nucleus at 15 min after photoconversion. Ratios were calculated for single cells.
Values are means + SEM (n = 27 cells of PhoCll1, and n = 30 cells of PhoCl2c).
*akEP <0.0001 by unpaired two-tailed ¢ test (¢ (55) = 6.606).

The kinetics of photoconversion were determined by loss of green
fluorescence, and dissociation was characterized by red fluorescence redistribution
in HeLa cells expressing NES-PhoCl-mCherry (Figure 3.9 and Table 3.3).
PhoCl2£-S, as well as PhoClI1.5f-MV and PhoCl1.5f-L, exhibited faster mCherry
redistribution and similar dissociation efficiency (Figure 3.10) compared to
PhoCll1, which is consistent with our in vitro protein characterization results.
However, three other 1.5f variants with the combinations of key mutations
(PhoClI1.5f-MVS, PhoCl1.5f-LS and PhoCl1.5f-MVLS) were found to not undergo
efficient dissociation in cells (refer to Figure 3.10), likely due to their poor

efficiency of chromophore formation.

87



V)

1007

801

601

40

201

Conversion efficiency %

— PhoCl1
PhoCl2¢c

— PhoCI2f-S

— PhoCl1.5f-MV

— PhoCI1.5f-L

200

100

Time (s)

300 400 500 600

Intensity ratio
(cytoplasm/nucleus)

N
&

n
[=)

-
4]

-y
o

— PhoCI1
PhoCl2c
— PhoCI2f-S
— PhoCI1.5f-MV
— PhoCI1.5f-L

2 4 6 8101214161820 2224

Time (mins)

Figure 3.9 Dissociation kinetics and efficiencies of NES-PhoCl-mCherry fusion

proteins in HeLa cells. (a) Photoconversion efficiencies of PhoCl variants,

measured by loss of green fluorescence. (b) Red fluorescence intensity localization

ratios of cytoplasm to nucleus versus time. Values are means £ SEM (n = 27 cells

of PhoCl1 and PhoCl1.5f-L, and »n = 30 cells of the other variants).

Table 3.3 Summary data of optogenetic manipulation of protein translocation

assay with PhoCl variants.

Protein Photoconversion Dissociation
Half Time (s) Half Time (s)

PhoCll 75.5 241

PhoCl2c 62.7 114

PhoCI2f-S 78.1 135

PhoCl1.5f-MV 83.6 160

PhoCl1.5f-L 69.6 155

Note: Plateau followed by one phase decay fit was used in both analyses. For fit of

photoconversion, R-squared values range from 0.9900 to 0.9951. For fit of

dissociation, R-squared values range from 0.7006 to 0.9040.
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Figure 3.10 Red fluorescence intensity localization ratios (cytoplasm to
nucleus) of NES-PhoCl-mCherry before and after photoconversion. Values are
means = SEM. The data is from the same experiments shown in Figure 3.8a.
PhoCl1: ****P < (0.000001, 7 (52) = 14.85, n = 27 cells from 3 cultures; PhoCl2c:
*ExkP <0.000001, 7 (58) =24.41, n =30 cells from 3 cultures; PhoCI2£-S; ****p
< 0.000001, # (58) = 13.09, n = 30 cells from 3 cultures; PhoCI1.5f-MV: ****p <
0.000001, ¢ (58) = 14.47, n = 30 cells from 3 cultures; PhoCl1.5f-L: ****pP <
0.000001, 7 (52) = 12.03, n = 27 cells from 3 cultures; PhoCI1.5f-MVS: ****p <
0.000001, ¢ (58) = 8.187, n = 30 cells from 3 cultures; PhoCl1.5f-LS: ****p =
0.0000006, t (58) = 4.997, n = 30 cells from 3 cultures; PhoCl1.5f-MVLS: *P =
0.020512, ¢ (58) = 2.382, n =30 cells from 3 cultures. Multiple ¢ tests were used to

analyze significant difference between group means.

It is interesting that in our cell experiments PhoCl2c-mCherry fusion also
exhibited faster redistribution than PhoCl1-mCherry fusion in cell-based assays
(Figure 3.9b and Table 3.3), which is at odds with our in vitro kinetics analysis
(Figure 3.2a and Table 3.1). We suggest that this result can be explained by the

higher dissociation efficiency of PhoCl2c. This result indicates that both the
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efficiency of photoconversion, and the kinetics of dissociation, are contributing to

the effective rate of release in cells.

3. 2. 3 Optogenetic manipulation of cell apoptosis

We next attempted to achieve optogenetic manipulation of cell apoptosis
through the use of photocleavage to activate BH3 interacting-domain death agonist
(Bid). Bid is a pro-apoptotic protein belonged to Bcl-2 family. Following cleavage
by caspase-8 during apoptosis, Bid translocates to the mitochondria where it
induces an increase in outer mitochondria membrane permeability and cytochrome
¢ release!’”!8, To achieve the optogenetic control of apoptosis, we engineered a
photoactivatable Bid by inserting PhoCl into the middle of Bid at the position of
the caspase-8 cut site (LQTDG). Photoinduced dissociation of C-terminal domain
(CBid) from its autoinhibitory N-terminal domain (NBid) would induce the
downstream apoptosis pathway (Figure 3.11a). The photo-induced apoptosis can
be inhibited by the cell permeable pan caspase inhibitor Z-VAD-FMK!”. Caspase-
3 activity at the downstream is monitored via the NES-DEVD-mCardinal-NLS
reporter. The cleavage of DEVD linker of the fusion protein by caspase-3 activation
would result in the translocation of red FP mCardinal'®® into the nucleus (Figure

3.11b).
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Figure 3.11 Schematics of optogenetic manipulation of cell apoptosis via
PhoCl. (a) Optogenetic activation of apoptosis with a PhoCl-Bid construct. (b)
Schematics of apoptosis reporter: NES-DEVD-mCardinal-NLS wused in this

experiment.

The mMaple insertion construct was used as negative control as it is not
expected to dissociate following illumination. Caspase-3 activation was observed
at around 30 min after conversion for the NBid-PhoCl2¢-CBid and around 50 min
after conversion for NBid-PhoCl1-CBid (Figure 3.12 and Figure 3.13). Cell
shrinkage and rounding followed by FP translocation were observed at the end of

2 hours of imaging photoconverted cells.

91



30 min 60 min 90 min 120 min

NBid-PhoCl1-Cbid NBid-mMaple-Cbid
- -NLS  NES- - -NLS

-NLS NES-

NBid-PhoCl2c-Cbid

NES-

Figure 3.12 Transient transfected HeLa cells co-expressing NBid-mMaple-
CBid or NBid-PhoCl-CBid with caspase-3 reporter. Cells were illuminated with
10 s violet light pulses (395/40 nm, 2 mW/mm?) every 15 s for 6 mins, then imaged
2 hours after photoconversion. Inset is the same image with 10x increased contrast.

Scale bar, 10 pm.
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Figure 3.13 Demonstration of PhoCl-dependent induction of apoptosis using
the caspase-3 translocation reporter. (a) Summary data of caspase-3 reporter
translocation for cells expressing constructs described in Figure 3.11. Values are
means = SEM (n = 3 cell cultures of each variant. A total of 87 cells for mMaple,
89 cells for PhoCll and 113 cells for PhoCl2c). (b) Representative nuclear
fluorescence intensity profiles of the HeLa cell represented in Figure 3.12 co-
expressing PhoCl inserted Bid and caspase-3 reporter. RFU, relative fluorescence
units. Plateau followed by one phase decay fit was applied to each nuclear
fluorescence profile. R-squared values range from 0.8238 to 0.9940. X0 is the time
at which the decay begins in the fit. The caspase-3 activation time was characterized
by XO0 in the fit. The activation time X0 in each nuclear fluorescence profile was
plotted in ¢. (¢) Summary of caspase-3 activation starting time for cells in Figure
3.12. Values are mean = SEM (n = 15 cells from 3 cultures for each variant). ****pP

< 0.0001 by unpaired two-tailed ¢ test (¢ (28) = 6.043).

To analyze the efficiency of photo-induced cell death, cells expressing
mMaple inserted Bid or PhoCl inserted Bid with or without illumination were
performed with DEAD cell viability assay (Figure 3.14). The dye in DEAD stain
is ethidium homodimer-1 which is used to indicate loss of cell plasma membrane
integrity. For cells expressing mMaple inserted Bid, there is no significant
difference in cell viability with and without illumination. Illumination of cells

expressing PhoCl1 inserted Bid resulted in significant increase of the cell death
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ratio, and a further enhanced death rate was observed with PhoCl2c due to its higher
dissociation efficiency. Illumination of cells expressing the PhoCl-Bid construct
without treatment of caspase inhibitor Z-VAD-FMK resulted in obvious cell
shrinkage and rounding. The cell death followed by photoactivation can be

inhibited effectively by treatment of Z-VAD-FMK pan caspase inhibitor.
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Figure 3.14 Additional information on demonstration of PhoCl-dependent
induction of apoptosis using DEAD cell viability assays. (a-c¢) Representative
cell images of HeLa cells expressing mMaple or PhoCl inserted Bid after DEAD
stain. Scale bar, 20 um. Photoconversion was performed with 30 s pulse light (LED

array, 3.46 mW/mm?). (d) Summary data of cell viability assay. Ratios are



calculated by determining the ratio of DEAD stained cells to green transfected cells.
Values are means = SEM (n = 3 cell cultures of each variant). A total of 321 cells
for mMaple no illumination, 301 cells for mMaple illumination - Z-VAD-FMK,
316 cells for PhoCll no illumination, 328 cells for PhoCl1 illumination - Z-VAD-
FMK, 326 cells for PhoCl1 illumination + Z-VAD-FMK, 325 cells for PhoCl2¢ no
illumination, 337 cells for PhoCl2¢ illumination - Z-VAD-FMK and 318 cells for
PhoCl2c¢ illumination + Z-VAD-FMK.

3. 3 Conclusion

In this Chapter, we have described our efforts to characterize the
performance of PhoCl2 variants as purified protein and expressed in cultured
mammalian cells. The results demonstrate that the PhoCl2 variants exhibit faster
and more efficient dissociation which enables more effective manipulation of
protein localization and protein-protein interactions in living cells. In this work, we
also explored the application of PhoCl for optical control of cell apoptosis which
has potential therapeutic interest in the field of oncology. Although synthetic
photocleavable linkers have been widely utilized in chemical biology studies,
PhoCl is the first reported fully genetically encodable optogenetic system that
shares this feature. Compared to the other reversible optogenetic technologies (such
as LOV2 domain®*7’, CRY2-CIB1 [Ref. 89,181] and Dronpal45N'3*156) PhoCl
has no concentration dependence due to its irreversible photochemistry mechanism.
After photoconversion by transient illumination, the caged biofunctional modules
will be activated irreversibly and persist until they are degraded in cells. According
to this feature, PhoCl is particular useful for optogenetic applications that require

transient illumination for photoactivation and long-term action. The development
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of improved PhoCl variants expands the repertoire of photosensory domains that
undergoes photocleavage with different kinetics and efficiencies. We anticipate that
PhoCl2 variants will prove useful to in a wider variety of applications that requires
greater dynamic range and faster photoactivation. For future work, we propose that
we could further evolve a third generation variant with faster dissociation and
higher chromophore formation efficiency via directed evolution by using the

PhoCl11.5-MVLS variant as the starting template.

3. 4 Methods and materials

3. 4. 1 General molecular biology methods and materials
The general molecular biology methods used in this chapter were same to

those described in section 2.4.1. Primer sequences are provided in Table 3.4.

3. 4. 2 Protein purification and in vitro characterization

To prepare the proteins for in vitro characterizations of PhoCl variants, the
E. coli strain DH10B were transformed with the pPBAD/HisB vector encoding the
gene of interest. Cultures were induced with L-arabinose (0.2%) and allowed to
grow 24 h at 30 °C. Protein were purified by Ni-NTA chromatography. Molar
extinction coefficients (g) at 488 nm were determined by the alkali denaturation
method!®? and then used as reference ¢ for the 405 nm. Quantum yields for PhoCl
variants were measured using purified EGFP as the reference standard!’.
Photoconversion was performed with the 405 nm LED flood array. The absorbance

spectra were acquired with a DU-800 UV-vis spectrophotometer (Beckman). The
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fluorescence spectra were acquired with a Safire2 plate reader (Tecan) and
bioluminescence spectrums were acquired with a Cytation 5 plate reader (BioTek).
The gel filtration was performed with a HiPrep 16/60 Sephacryl S-100 column on
an AKTA chromatography system (GE Healthcare), and the size of the proteins in

each eluted fraction were verified by SDS-PAGE.

3. 4. 3 PhoCl expression vectors and cell transfection

The previously reported pcDNA-NES-PhoCl-mCherry (Addgene #87690)
plasmid was used as the backbone vector for the protein translocation experiments.
A HindlIII restriction site was introduced at the 3° end of the NES sequence in the
vector with the QuikChange Lightening kit. The DNA fragments encoding the
PhoCl variants (with 5’ HindIII and 3’ Kpnl restriction sites) were amplified via
PCR and inserted into the appropriately digested NES-PhoCIl-mCherry vector.

For the construction of PhoCl inserted Bid, human Bid template was ordered
as a synthetic gBlock from IDT. The DNA sequence was backtranslated from
protein sequence BH3-interacting domain death agonist isoform 2 (GenBank:
NP _001187.1) with codon optimization for Homo sapiens expression. The gene
encoding NBid-PhoCl-CBid, 5> BamHI and 3’ Kpnl restriction sites at the ends of
PhoCl, was made using overlap extension PCR to connect three gene fragments
(i.e., NBid, PhoCl, and CBid). The assembled gene (with 5° Nhel and 3’ Xhol
restriction sites) was digested and inserted between the Nhel and Xhol sites of

pcDNA 3.1(+), thus yielding the PhoCl inserted Bid expression vector.
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To construct the caspase-3 reporter, DNA encoding the NES of mitogen-
activated protein kinase kinase (MAPKK)!%® and caspase-3 substrate (DEVD) was
appended by PCR to the 5’ end of the gene encoding mCardinal, and DNA encoding
the 3 x NLS of SV40 (Ref. 183) was appended to the 3° end of fragment. The gene
encoding NES-DEVD-mCardinal-NLS was then inserted between Nhel and Xhol
sites of pcDNA 3.1(+), thus yielding the caspase-3 reporter expression vector.

For expression of NES-PhoCl-mCherry, HeLa cells at 70% confluency in
35-mm cell culture dishes (Corning) were transfected with 2 pg plasmid DNA and
4 pL Turbofect (Thermo Fisher Scientific) according to the manufacturer’s
protocol. Imaging was performed at 24 h after transfection. For expression of PhoCl
inserted Bid and caspase-3 reporter, HeLa cells were co-transfected with 1.75 pg
NES-DEVD-mCardinal-NLS expression vectors and 0.25 pg PhoCl inserted Bid
expression vectors mixed with 4 pL. Turbofect. For expression of PhoCl inserted
Bid for the DEAD viability assay, 1.75 pg pcDNA 3.1(+) empty vector and 0.25
ng PhoCl-Bid were used per transfection. The transfection was performed in 2 mL
of serum-free DMEM for 2 h, after which the medium containing the transfection
reagent and DNA mixture was replaced with 2 mL of complete medium
supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich). Transfected

cells were cultured 16 h before experiments.

3. 4. 4 Cell photoconversion and imaging conditions

Before imaging, the medium was changed to HEPES-buffered Hanks

Balanced Salt Solution (HHBSS; 20 mM HEPES). Wide-field fluorescence
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imaging was performed using a Nikon Eclipse Ti-E epifluorescence microscope
equipped with a 75-W Nikon xenon lamp and a Photometrics QuantEM 512SC
camera. The NIS-Elements AR package software was used for automatic
instrument control and image acquisition. Cells were imaged with a 20x air
objective lens (NA 0.75; Nikon) using the following filter sets: PhoCl green (490/15
nm excitation: ex; 510 nm dclp dichroic and 525/50 nm emission: em), mCherry
and DEAD stain (543/10 nm ex, 565 nm dclp dichroic and 620/60 nm em),
photoconversion (395/40 nm ex and 425 nm dclp dichroic), and mCardinal (605/50
nm ex, 635 nm dclp dichroic and 670/50 nm em).

For imaging of NES-PhoCI-mCherry protein translocation, the images were
acquired in both the PhoCl green and mCherry channel every 15 s for 2 min before
photoconversion. Photoconversion was performed with 10 s pulse illumination (2
mW/mm?) every 15 s for 6 min and each pulse of photoconversion light was
followed by acquisition of PhoCl and mCherry fluorescence images. Imaging
acquisition of green and red channels continued every 15 s for another 15 min after
the photoconversion. Protein translocation was analyzed as the ratio of intensity of
mCherry in the cytoplasm to the nucleus. Photoconversion efficiency was
determined by the loss of green fluorescence intensity in the cytoplasm.

For imaging the caspase-3 activity triggered by photo-induced cell death
with PhoCl inserted Bid, images were acquired in both the PhoCl green and
mCardinal channel every 15 s for 2 min before photoconversion. Photoconversion
was performed with 10 s pulse illumination (2 mW/mm?) every 15 s for 6 min and

each pulse conversion light was followed by acquisition of PhoCl and mCardinal
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fluorescence images. Imaging acquisition of green and red channels continued
every 30 s for 2 h after the photoconversion. Caspase-3 activation was determined
by the translocation of mCardinal from cytoplasm into nucleus.

For imaging of the DEAD stained HeLa cells with PhoCl inserted Bid
expression, photoconversion was performed under the 405 nm LED flood array
with 15 s illumination. Following photoconversion, the cells were incubated in
HHBSS buffer (with or without Z-VAD-FMK) at room temperature for 30 min.
The working concentration of Z-VAD-FMK (Sigma-Aldrich) was 20 puM. For
analysis the cell death, the DEAD Cytotoxicity kit for mammalian cells (Invitrogen)
was used to stain the dead cells with or without photoconversion in HHBSS buffer
(with or without Z-VAD-FMK) for 30 min at room temperature according to the
manufacturer's protocol. Images were acquired in white light, green fluorescence
and red fluorescence channels. The extent of cell death was determined by the ratio

of DEAD reagent stained cells to the green fluorescent transfected cells.

3. 4. 5 Statistical analysis

All data are expressed as mean £ SEM. Sample sizes (n), significant
differences (P) and confidence of curve fitting (R-squared) are listed for each
experiment. Results are reported as P = P value, and ¢ (degrees of freedom (df)) =
t value. For all statistics, NS = P > 0.05, * = P <0.05, ** =P <0.01, *** =P <
0.001 and **** = P < (0.0001. No samples were excluded from analysis and all

experiments were reproducible. No randomization or blinding was used.
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Table 3.4 Primers

used in Chapter 3.

Primers

Sequence 5°-3°

QuickChange primers for the combinations of point mutations

K202L-antisense

GATGCCCTCGAAGGGAAGCCCGCTGCCCTCGCCC

1207S-antisense

CTCCAAATCAATCGTCTGAGAGCCCTCGAAGGGCTTGCC

K202L
antisense

1207S-

CCTCCAAATCAATCGTCTGAGAGCCCTCGAAGGGAAGCCC

pBAD/HisB-PhoCI-MBP constructs

F-XhoI-PhoCl

CCGAGCTCGAGTGTGATCCCTGACTAC

R-PhoCl-linker-Kpnl

TTCATGGTACCTCCACCTCCCCGTGGGTACTTGGTGAACAC

pcDNA-NES-PhoCl-mCherry constructs

quickchange-NES-
HindIII-antisense

AGTAGTCAGGGATCACGCTAAGCTTGCCTCCCTGCTGCTCGTCC

F-HindIII-PhoCl

CTTAGAAGCTTAGCGTGATCCCTGACTACTTCAAG

R-PhoCl-Kpnl CCTCCGGTACCCCGTGGGTACTTGGTGAACACG
pcDNA-NBid-PhoCl-CBid constructs

F-Nhel-NBid AGTCAGCTAGCGCCACCATGGATTGTGAGGTCAATAACGG
R-BamHI-NBid GGATCCCTCATCGTAGCCTTCCCAC

overlap PCR

F-NBid-BamHI-PhoCl | o 6 A AGGCTACGATGAGGGATCCGTGATCCCTGACTACTTCAAGC
overlap PCR

ORV':EZE;gHI'CB‘d GATCGGTTTCCATCGGTTTGAAGGGTACCCCGTGGGTACTTGGTGAAC

F-Kpnl-CBid overlap
PCR

GGTACCCTTCAAACCGATGGAAACCGATC

R-CBid*-Xhol TGACTCTCGAGTTACTTGTTCAACCTGAGCAACCACG
F-BamHI-PhoCl GTCAAGGATCCGTGATCCCTGACTACTTCAAGCAGAG
R-PhoCl-Kpnl CCTCCGGTACCCCGTGGGTACTTGGTGAACACG

pcDNA-NBid-mMaple-CBid construct

F-BamHI-mMaple

AGTAGGAATCCGTGAGCAAGGGCGAGGAGACCA

R-mMaple-Kpnl

GCACTGGTACCCTTGTACAGCTCGTCCATGCTG

pcDNA-NES-DEVD-mCardinal-NLS construct

F1-Nhel-NES

CACTGGCTAGCGCCACCATGAACCTGGTGGACCTGCAGAAGAAGCTGGA
GG

F2-NES

GACCTGCAGAAGAAGCTGGAGGAGCTGGAGCTGGACGAGCAGCAGGGA
TCCGCCTCCGGC

F3-DEVD-mCardinal

CAGGGATCCGCCTCCGGCGATGAGGTGGATGGAGCCGTGAGCAAGGGC
GAGGAG

R1-mCardinal-NLS

CGTTTTTTTTTTGGTCCGGAGCCCTTGTACAGCTCGTCCATGCC

R2-NLS-NLS

GGGGTCTACTTTGCGCTTCTTTTTTGGGTCAACTTTTCGTTTTTTTTTTGG
TCCGGAGCC

R3-NLS*-Xhol

ACTGACTCGAGTTAGGTACCTACCTTGCGTTTTTTCTTGGGGTCTACTTT
GCGCTTC
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Chapter 4 Engineering of a light-inducible nanocapsule system

4. 1 Introduction

Cells utilize subcellular compartmentalization to regulate many different
metabolic activities and establish physical boundaries for biological processes!'®+.
In eukaryotes, cells make use of membrane-bound organelles (such as
mitochondria, lysosome and peroxisome) to create ion gradients and isolate specific
biochemical reactions!'®>!86, However, most prokaryote cells rely on the alternative
strategy of using protein-based bacterial microcompartments (BMCs) (such as

carboxysome and metabolosome)'¥’-18 (Figure 4.1).

Substrate

1 Enzyme 1

Intermediate (1)
(volatile or toxic)

l Enzyme 2

Intermediate (2)

Figure 4.1 Schematics of the bacterial microcompartments. The protein shell of
the microcompartment helps to sequester the toxic intermediates inside. (Note:

Figure 4.1 reprinted from Ref. 189 and used with permission of the publisher.)
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These proteinaceous organelles typically share homologous shell proteins
but have different cargo enzymes inside. The protein components of the
compartment shells and their complement of enzymes are usually encoded within
the same genetic loci or operon'®8. The semi-permeability of the protein shell allows
small molecules, such as enzyme substrates, access to the cargo enzyme inside, and
prevents the release of toxic intermediates and interference from other large
functional molecules!?*-192,

Among the many types of BMCs, encapsulins are virus capsid-like bacterial
nanocompartments with diameters of 25 nm (Ref. 193) (Figure 4.2a) to 32 nm
(Ref. 194). Encapsulins are typically used by bacteria to isolate toxic enzymatic
195-197

activities . The hollow icosahedral capsules are formed by 60 (in 7 = 1

capsules; T is triangulation number used to describe icosahedral symmetry!'*®) or

193,194

180 (in 7 = 3 capsules) copies of single shell protein which can be auto-

assembled in vivo or in vitro'®.

25 nm

Figure 4.2 Structure of Thermotoga maritima encapsulin. (a) The 25 nm

icosahedral capsule is formed from 60 identical subunits (PDB ID: 3DKT). (b)
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Model of the cargo protein fitted into the capsule. (Note: Figure 4.2b is reprinted
from Ref. 193 and used with permission of the publisher.)

As one of several bio-nanocompartments, encapsulin has several unique
features. The N-terminus and C-terminus extend to the inner and outer faces of the
capsule, respectively. In addition, cargo proteins can be packaged inside the capsule
by genetic fusion of the cargo protein to a peptide that binds to the inner surface of
the encapsulin shell protein?*®?’! (Figure 4.2b). As the largest opening into
encapsulin is 5 A in dameter'®?, there is limited ability of small substrates to enter
or exit the capsule.

In recent years, encapsulin has been used in a wide variety of chemical
biology applications that are unrelated to its natural roles. For example, in 2014
Moon et al. reported a versatile targeted drug delivery nanoplatform by displaying
hepatocellular carcinoma (HCC) cell binding peptide (SP94-peptide) on the surface

of engineered encapsulin?®?

. Anticancer drugs and fluorescent probes were
chemically attached to the nanocapsules and delivered to the target HCC cells.
Bacterial encapsulins have also been expressed as orthogonal compartments
in eukaryotes including yeast and mammalian cells. In 2018, Lau et al
demonstrated that Myxococcus xanthus encapsulin can self-assemble to form
capsules in yeast and the heterologous cargo proteins can be selectively packed
inside®®. Their study revealed that encapsulin compartments have the capacity to
protect the cargo protein from degradation in vivo, co-localize split proteins inside,
and allow for catalytic process to occur in the capsule interior’*®. Similarly,

l 204

Sigmund et a utilized the Myxococcus xanthus encapsulin to engineer
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compartmentalized  enzymatic  reactions and  size-constrained  iron
biomineralization in HEK293T cells. The iron-loaded capsules were demonstrated
to have electron-rich cores and be excellent genetically encoded reporters for
electron microscopy (EM)>*,

To expand the utility of this naturally sourced proteinaceous nanocapsules,
in this Chapter I describe my efforts to engineer Thermotoga maritima

3 into a light-inducible nanocapsule system. The encapsulin capsule

encapsulin'®
was fused with enhanced green fluorescent protein (EGFP)** as a genetically
encoded fluorescent nanocapsule marker in HeLa cells. To evolve the encapsulin
for light-inducible control, I attempted to engineer the encapsulin shell via different
strategies. These strategies include fusing the photocleavable protein (PhoCl)* to
control the capsule assembly in a light-dependent manner, genetic insertion of a
protease cleavage site at various position of the subunit, and using the LARIAT
tool'® (described in section 1.3) to develop an encapsulin-based liquid phase
separation system. We expect that engineered encapsulin nanocapsules could be

useful for live cell imaging and the development of novel actuators for optogenetic

manipulation of protein function and cell physiology.

4. 2 Results and discussion

4. 2.1 Engineering of a genetically encoded fluorescent nanocapsule
I first attempted to express the Thermotoga maritima encapsulin'®?
(TmEnc) or Myxococcus xanthus encapsulin'® (MxEnc) (Figure 4.3a) in

Escherichia coli strain BL21 (DE3). The recombinant protein expression and the
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auto-assembly of the capsules were confirmed by ‘pseudo-native’ protein
electrophoresis which is based on SDS-PAGE analysis of non-heated protein
samples?*®207 (Figure 4.3b). The results revealed that only TmEnc variant can auto-
assemble into potential capsules with large molecular weight that remained in the
stacking gel (4%). The TmEnc oligomers species also showed resistance against
trypsin hydrolysis to a certain extent. For MxEnc encapsulin, the oligomeric species
was not detected with our protein expression and purification protocols for reasons
that remain unclear to us. Consequently, I employed the TmEnc variant in our next

studies for better capsules formation.
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Figure 4.3 Encapsulin structures and recombinant protein expression in E.

coli. (a) Assembly of Thermotoga maritima encapsulin (PDB ID: 3DKT) and

Myxococcus xanthus encapsulin (PDB ID: 4PT2). (b) ‘Pseudo-native’ protein

electrophoresis of the TmEnc and MxEnc, both with and without trypsin treatment.

Non-heated protein samples were used in this assay. (¢) SDS-PAGE analysis of the

subunit of TmEnc and MxEnc. The molecular weight of monomer in both species

1s around 29 kDa.

To utilize the TmEnc as a genetically encoded nanocapsule in mammalian

cells, I next tested protein expression and self-assembly of EGFP-fused encapsulin

capsules in HeLa cells. Based on the protein structure of the Thermotoga maritima
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encapsulin (PDB ID: 3DKT)'}, we found that its N-terminus and C-terminus
extend to the inner and outer surface of the capsule respectively. I reasoned that
proteins, such as EGFP, that are genetically fused to the N-terminus can be
effectively caged within the inner volume of encapsuling capsules. However, upon
expression of EGFP-TmEnc fusion protein, I found that the protein capsules did
not form (Figure 4.4a), as revealed by the green fluorescence being distributed
evenly in the cytoplasm (Figure 4.4b). It is likely that inner volume of encapsulin
is too small to accommodate a stoichiometric number of EGFP proteins (60 copies).
In contrast, a C-terminal fusion protein would be displayed on the outside of the
capsules (Figure 4.4c). Upon expression of the TmEnc-EGFP fusion protein, I
found that the green fluorescence was localized to small, freely-diffusing,
fluorescent “dots” in the cytoplasm (Figure 4.4d). These fluorescent small dots,
which I interpret as the correctly assembled nanocapsule with 60 EGFP protein
attached to its surface, can be used to observe the expression and package of the

capsules via fluorescent microscopy.
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Figure 4.4 Expression of the engineered fluorescent encapsulin in HeLa cells.
(a) Representation of EGFP fusion to the N-terminus of encapsulin. (b) Transient
transfected HeLa cells expressing EGFP-TmEnc fusion protein. Scale bar, 10 um.
(¢) Representation of EGFP fusion to the C-terminus of encapsulin. The expressed
TmEnc-EGFP fusion protein can auto-assemble into fluorescent capsules in cells.
(d) Transient transfected HeLa cells expressing TmEnc-EGFP fusion protein. The
right panel is the zoomed-in region of interest (ROI), marked by white box in the
left panel. Scale bar, 10 um.

To load a heterologous cargo protein inside nanocapsules, a P2 A bicistronic
expression construct’®® was employed for co-expression of fluorescent encapsulin
and the cargo protein (Figure 4.5a). In this study, I adopted mCherry fluorescent
protein (FP) as a foreign cargo. mCherry was genetically fused with a minimal
cargo loading peptide (CLP) identified at the C-terminal of a native cargo

protein®’!. The result revealed that the TmEnc-EGFP fusion protein has the similar
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distribution pattern and localization as the presumed mCherry cargo, supporting the

idea that the mCherry cargo can be auto-loaded into the capsules (Figure 4.5b).

° J—:“ EGrp || P2a | mch || cip
Q.
Y :Y ¥
I
o
™y

auto-assemble

_

@ @
% @*-5:33

TmEnc-EGFP mCherry-CLP co-localization

Figure 4.5 Co-expression of cargo protein and encapsulin. (a) A P2A bicistronic
expression construct encoding the shell protein encapsulin (Enc) with EGFP as a
C-terminal fusion, as well as mCherry fused with a cargo loading peptide (CLP).
The P2A peptide is self-cleaved during translation. The cleavage site is marked
with red arrow. The encapsulin subunit and the mCherry cargo can auto-assemble
into capsules. (b) Transient transfected HeLa cells co-expressing TmEnc-EGFP
fusion protein and mCherry-CLP fusion protein by using the construct described in

a. Scale bar, 10 um.

I also tested the expression, assembly, and cargo loading capacity of the

Myxococcus xanthus encapsulin (MxEnc) as well as four encapsulin variants from
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other bacterial species!'®? by using a construct analogous to the one described above
(in Figure 4.5a). The CLP peptides for these encapsulin variants have not been
determined experimentally. Hence, instead of using CLP peptide, the foreign
mCherry FP was fused to their corresponding native cargo proteins. I found that
these encapsulins from other species cannot form stable cargo-loaded
nanocapsules, as revealed by the observation of few fluorescent dots in cell
imaging. We speculate that the large size of the cargo fusion protein may introduce
steric constraints at the inner surface of the capsules which impedes the capsule

auto-assembly.

4. 2. 2 Engineering of light-closable and light-openable nanocapsules

To develop Thermotoga maritima encapsulin (TmEnc) into a light-closable
capsule, we envisioned fusing the photocleavable protein (PhoCl) to the N-terminus
of encapsulin. The N-terminal fusion would prevent complete capsule formation
before photocleavage. Upon illumination with violet light, the cleavage of PhoCl
would release the steric blocking effect and allow the auto-assembly of the
nanocapsules. However, I found that encapsulin with only PhoCl fused to the N-
terminus already exhibited small fluorescent dots before photoactivation, probably
due to the partial formation of capsules or the oligomeric tendency of PhoCl at high
local protein concentrations (Figure 4.6a). To solve this problem, we turned to our
previously reported approach of protein caging by fusion to steroid receptor (SR)
domains (described in section 3.1 and Figure 3.1b). I fused the SR domain to the

N-terminus of the encapsulin via PhoCl, which would effectively serve as a
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photocleavable linker. The interaction of the SR with heat-shock protein 90
(Hsp90) leads to large steric hinderance, which would prevent the formation of
capsules as well as PhoCl oligomers. This SR-PhoCl fusion strategy appeared to
enable optogenetic activation of capsule assembly (Figure 4.6b) and cargo protein
loading (Figure 4.7). However, further characterization (such as analysis of capsule
diffusion rate, as well as correlative fluorescence and electron microscopy
(CFEM)) will be required to demonstrate that the small fluorescent dots correspond

to single nanocapsules.
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Figure 4.6 Optogenetic manipulation of nanocapsule assembly. (a) Schematic
representation of PhoCl-TmEnc fusion protein, and transient transfected HeLa cells
expressing PhoCl-TmEnc fusion protein. Several of the small fluorescent dots are
marked with white arrows. Scale bar, 10 um. (b) Schematic representation of SR-
PhoCl fusion strategy for optical control of capsules formation, and the transient
transfected HeLa cells expressing the construct. EGFP is displayed on the outer
surface of encapsulin to indicate the expression and package of capsules. The
formed small fluorescent dots after photoconversion are marked with white arrows.

Photoconversion was performed with 5 s violet light pulses (395/40 nm, 2
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mW/mm?) every 1 min for 30 mins. bc, before-conversion; pc, post-conversion.

Scale bar, 10 pm.

bc pc

Figure 4.7 Optogenetic manipulation of cargo protein loading inside capsules.
Schematic representation of the design strategy, and the transient transfected HeLa
cells expressing the construct. Several of the small fluorescent dots formed after
photoconversion are marked with white arrows. Photoconversion was performed
with 5 s violet light pulses (395/40 nm, 2 mW/mm?) every 1 min for 30 mins. bc,

before-conversion; pc, post-conversion. Scale bar, 10 pm.

To engineer encapsulin into a light-openable cage, we proposed two design
strategies to utilize PhoCl to break the polypeptide backbone of encapsulin and

destabilize the capsule structures. The structural alignments of the two other
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encapsulin variants with the well characterized TmEnc suggested that TmEnc
subunit is tolerant of several loop insertions on the capsule exterior'*? (Figure 4.8).
Inspired by this finding, our first strategy was to insert protease substrate peptide
into these insertion sites and manipulate the cleavage of the substrate by using our

previously reported photoactivatable protease®® (Figure 4.9a).

Methylocapsa acidiphila B2 Acarypchloris marina MBIC11017

Capsule exterior

Capsule exterior

Figure 4.8 Alignment of other encapsulin variants with Thermotoga maritima
encapsulin (TmEnc). TmEnc (PDB ID: 3DKT) is represented in beige;
Methylocapsa acidiphila B2 encapsulin (MaB2Enc) and Acarypchloris marina
MBIC11017 (AmEnc) encapsulin are represented in blue; loop insertions are
highlighted in red. The PDB files of MaB2Enc and AmEnc homology models are
unpublished data provided by our collaborator Dr. Tobias W. Giessen.
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Figure 4.9 Schematic representation of proposed strategies for light-openable
capsules. (a) Photo-uncaging of the cargo protein, by using the PhoCl-mediated
photoactivatable protease to break encapsulin polypeptide backbone. (b)
Optogenetic manipulation of capsule opening, by destabilizing of the capsules via

PhoCl photocleavage.

As a preliminary proof-of-concept experiment, I inserted tobacco etch virus
(TEV) protease cleavage sites (TEVs) at four positions of TmEnc separately (the
positions are where the loops insertions are located on, represented in Figure 4.8).
This effort led to four engineered TmEnc variants: TmEnc(Al), TmEnc(A2),
TmEnc(M1) and TmEnc(M2). To assay the opening of the capsule, I preloaded it

with co-expressed NanoLuc (NLuc) luciferase'®? cargo fused to the cargo loading
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peptide (CLP) (Figure 4.10a). Treatment of the purified loaded capsules with TEV
protease (TEVp) resulted in an increase in bioluminescence (Figure 4.10b). This
result suggests that the cleavage of encapsulin backbone is sufficient to disrupt the
capsule structure such that small molecules, such as the NanoLuc substrate,

furimazine (represented in Figure 2.5¢), are able to enter the capsule.
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Figure 4.10 Bioluminescence assays of TmEnc variants with inserted TEV
protease substrate sequences. (a) Genetic construct encoding the TEVs inserted
encapsulin and cargo NanoLuc luciferase. The construct is used for expression of
purified capsules in E. coli. RBS, ribosomal binding site. (b) Bioluminescence
assay of purified engineered capsules, both with and without treatment of TEV
protease. RLU, relative luminescence units. Values are means + SEM (n = 3
independent experiments). (¢) Genetic constructs used in HeLa cells for co-
expressing the cargo-loaded capsules with TEV protease. (d) Bioluminescence
assay of the engineered capsules expressed in HeLa cells. Cell suspensions were
used in this assay. For the samples that were not transfected with TEVp expressing
vector, the empty pcDNA 3.1(+) vector was co-transfected as control. Values are

means = SEM (n = 3 independent experiments).
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I next co-expressed the cargo-loaded capsules with TEVp in mammalian
cells (Figure 4.10c). TmEnc(A2), TmEnc(M1), and TmEnc(M2), (but not
TmEnc(A1)), exhibited small fluorescent dots (potential capsules) when visualized
by fluorescence microscopy. However, the TEV-dependent fold change in
luminescence in the live cells assays (Figure 4.10d) were smaller than the changes
observed with purified nanocapsules. We speculated that there are two possible
reasons for this reduced contrast ratio. One is that the loading efficiency of
luciferase cargo protein is not 100%, and there always be some unencapsulated
NanoLuc enzyme inside the cells. In addition, some of the capsules in cells may be
only partially formed, leaving large ‘holes’ in the capsule that allow free diffusion
of substrate into the interior. Further optimizations of this strategy may be required
to achieve highly effective release of the cargo protein.

To develop encapsulin into a light-openable capsule, our second strategy
was to genetically insert PhoCl directly into the encapsulin subunit polypeptide. I
attempted to introduce PhoCl into the three different positions of TmEnc, which
correspond to the insertion sites used in the TmEnc(A2), TmEnc(M1) and
TmEnc(M2) variants. Unfortunately, fluorescence live cell imaging exhibited
substantial protein aggregations of these variants when expressed in HeLa cells,
leading me to conclude that none of these PhoCl inserted encapsulins were properly

forming the expected capsule structure.
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4. 2. 3 Engineering of an encapsulin-based LARIAT system

As an alternative strategy to engineering encapsulin protein for optogenetic
applications, I envisioned assembling the nanocapsules into clusters through the
use of the LARIAT system!'® (described in section 1.3). This encapsulin-based
LARIAT system was initially designed by replacing the multimeric proteins (MPs)
with encapsulins. I fused TmEnc to CIBN, which can undergo blue light-induced
heterodimerization with cryptochrome 2 (CRY2). Upon illumination, CRY2 homo-
oligomerization and heterodimerization with CIBN leads to further interactions
among encapsulin capsules that induces cluster formation (Figure 4.11a).

I first tested whether the light-dependent CRY2-CIBN interaction could be
used to induce protein clustering. The CRY2-mCherry fusion protein and TmEnc-
EGFP-CIBN fusion protein were co-expressed in HeLa cells. Initial experiments
revealed the nuclear localization of CRY2 and CIBN as expected. Blue light
illumination induced the formation of red fluorescent puncta, which reversibly
dissembled in dark and reassembled with repeated illumination (Figure 4.11b,e). I
observed no light-induced cluster formation in cells expressing CRY2-mCherry
fusion protein alone (Figure 4.11c,f). The punctuate nuclear localizations were
observed in cells expressing TmEnc-EGFP-CIBN fusion protein (Figure 4.11d),
probably due to the aggregation of capsules at high protein concentrations in

nucleus.
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Figure 4.11 Encapsulin-based LARIAT system. (a) Schematic representation of
encapsulin-based LARIAT design strategy. (b) Representative images of Hela
cells co-expressing CRY2-mCherry and TmEnc-EGFP-CIBN fusion protein. Cells
were illuminated with blue light twice at a 20 min interval. [llumination was
performed with 300 ms blue light pulses (490/15 nm, 0.5 mW/mm?) every 15 s for
2 mins. Scale bar, 10 um. Time lapse label is display in HH:MM:SS. (¢) HeLa cells
expressing CRY2-mCherry fusion protein alone. [llumination was performed in the
method described in b. Scale bar, 10 pm. (d) HeLa cells expressing TmEnc-EGFP-

CIBN fusion protein alone. Scale bar, 10 pm. (e) Fluorescence intensity profiles of
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the light-induced clusters represented in b. RFU, relative fluorescence units. ROI,

region of interest. (f) Fluorescence intensity profiles of the ROI represented in c.

I next attempted to mutate the residues that have previously been predicted
to cause nuclear localization of CRY2 and CIBN® (Figure 4.12). As expected, the
variants exhibited cytoplasmic distribution, in the context of TmEnc-EGFP-CIBN
fusion protein and CRY2-mCherry, when expressed in mammalian cells (Figure
4.13). However, compared to the wild-type CRY2 and CIBN (Figure 4.11b), the
mutants exhibited reduced cluster size and cluster formation efficiency upon
illumination (Figure 4.13a). To improve protein clustering, we will attempt to
optimize this system through several strategies in our further studies. These
strategies include enhancing the expression level of TmEmc-EGFP-CIBN fusion

protein, as well as testing the CRY2PHR and CIB1 variants®.

CIB1 predicted NLS

93 109
K R K F D T E T K D C N E K K K K

aaa cgg aag ttt gat aca gag act aag gat tgt aat gag aag aag aag aag

! I
GCa GCg GCg GCg
A A A A

CRY2 predicted NLS

541 K R \ K P E E E E E R D M K K S R or

aag aga gtg aaa cct gag gaa gaa gaa gag aga gac atg aag aaa tct agg

1
GCg GCa
A A

Figure 4.12 Mutations of the predicted nuclear localization sequence in CRY2
and CIB1. The number indicate amino acid residue position. NLS, nuclear
localization sequence. (Note: Figure 4.12 reprinted from Ref. 85 and used with

permission of the publisher.)
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Figure 4.13 Encapsulin-based LARIAT system with mutated CRY2 and CIBN
variants. (a) Representative images of HeLa cells co-expressing the mutated
CRY2-mCherry and TmEnc-EGFP-CIBN fusion protein. Cells were illuminated
with blue light twice at a 20 min interval. [llumination was performed with 300 ms
blue light pulses (490/15 nm, 0.5 mW/mm?) every 15 s for 2 mins. Scale bar, 10
um. (b) HeLa cells expressing the mutated CRY2-mCherry fusion protein alone.
[llumination was performed in the method described in a. Scale bar, 10 um. (¢)
HeLa cells expressing the mutated TmEnc-EGFP-CIBN fusion protein alone. Scale
bar, 10 pm.

4. 3 Conclusion

By utilizing protein engineering and rational protein design, I have made
progress towards developing a bacterial encapsulin-based nanocapsule platform for
use in optogenetic tools. My preliminary results demonstrate that Thermotoga
maritima encapsulin can be engineered to be a genetically encoded fluorescent

nanocapsule marker by displaying EGFP on the outer surface. I have engineered a
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photo-closable encapsulin shell by using PhoCI-SR fusion strategy, and a protease-
openable capsule by genetic insertion of a TEV protease cleavage site at various
positions. I further attempted to achieve optogenetic protein clustering by
combining encapsulin with the CRY2-CIBN pair. Despite the many promising
results in development of optogenetic tools based on encapsulin, the unambiguous
evidence for complete capsule formation in mammalian cells, and the question of
whether the small fluorescent particles represent single nanocapsules, remain to be
demonstrated. We expect that the encapsulin-based nanocapsule system will be
further optimized in future work, and ultimately prove its utility in optical control

of biological processes.

4. 4 Methods and materials

4. 4. 1 General molecular biology methods and materials
The general molecular biology methods used in this chapter were same to

those described in section 2.4.1. Primer sequences are provided in Table 4.1.

4. 4. 2 Protein purification and characterization

The gene expressing TmEnc, MxEnc in pET-28a vector, as well as TEVs
inserted TmEnc and NLuc cargo protein in the pET-28a bicistronic vector were
used to transform E. coli strain BL21 (DE3) pLysS (Promega). A single colony was
picked to inoculate a 5 mL starting culture that was allowed to grow overnight at
37 °C with 225 rpm before being diluted into 1 liter large culture of LB media

supplemented with 50 pg/mL ampicillin. The cultures were allowed to grow at 37
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°C to an ODgoo 0of 0.5, and then induced with IPTG (1 mM) and grown 4 h at 37 °C.
The E. coli cells were harvested by centrifuge, the pellets were immediately frozen
and stored in - 20 °C.

Encapsulin protein was purified according to the previously reported
procedure!'*?. Pellets were thawed and resuspended in 15 mL PBS (pH = 7.4) buffer,
DNase I (Thermo Fisher Scientific; final concentration: 1 pg/mL) was added and
cells were incubated for 20 min on ice, then the cell suspensions were lysed by
sonication. Cell debris was subsequently removed through centrifugation (8000
rpm, 40 min, 4°C). The cleared supernatant containing encapsulin was treated with
0.3 gNaCl and 1.5 g of PEG-8000 was added, followed by incubation on ice for 30
min. The precipitate was collected through centrifugation (8000 rpm, 25 min, 4°C),
then suspended in 10 mL PBS buffer and filtered using a 0.2 pm syringe filter. The
samples were then subjected to gel filtration with a HiPrep 16/60 Sephacryl S-500
column on an AKTA chromatography system (GE Healthcare).

For the purified TmEnc and MxEnc capsules, trypsin hydrolysis reactions
were performed with trypsin protease (Thermo Fisher Scientific) according to the
manufacturer’s protocol, followed by pseudo-native protein electrophoresis
analysis. For the purified NLuc cargo protein loaded capsules, protein samples were
treated with TEV protease before bioluminescence measurement. The hydrolysis
reactions were performed with ProTEV Plus (Promega) at 30 °C for 4 hours. The
luminescence emission intensity (at 460 nm) of the protein, both with and without

hydrolysis, were measured immediately after treatment with the luciferase substrate
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furimazine (working concentration: 10 pg/mL). The bioluminescence intensity

were acquired with a Synergy HTX plate reader (BioTek).

4. 4. 3 Construction of encapsulin expression vectors

To construct the vectors expressed in E. coli, Thermotoga maritima
encapsulin (TmEnc) and Myxococcus xanthus encapsulin (MxEnc) templates were
ordered as synthetic gBlocks from IDT. The DNA fragments encoding the
encapsulin variants were amplified via PCR and inserted into the digested pET-28a
vector at Ncol restriction site by using Gibson Assembly Master Mix (NEB). For
the construction of bicistronic vector, the gene encoding NLuc-CLP-RBS (with 5’
Ncol and 3’ EcoRI restriction sites) and TmEnc (with 5° EcoRI and 3* Xhol
restriction sites) were digested and inserted between the Ncol and Xhol sites of
pET-28a vector by three-way ligation thus yielding the construct of Ncol-NLuc-
CLP-RBS-EcoRI-TmEnc-Xhol. The protein sequence of cargo loading peptide
(CLP) used in this study is: GGSENTGGDLGIRKL?"!, and the DNA sequence of
the ribosomal binding site (RBS) is: TTTGTTTAACTTTAAGAAGGAGA??, The
TEV protease cut sites were introduced into various positions by using site-directed
mutagenesis.

For mammalian cells expression, the pcDNA 3.1(+) vector was used as the
backbone vector. The DNA fragments encoding the EGFP-TmEnc or TmEnc-
EGFP fusion proteins were made using overlap extension PCR to connect the
EGFP and TmEnc gene fragments. The assembled genes (with 5° Nhel and 3° Xhol

restriction sites) were digested and inserted between the Nhel and Xhol sites of
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pcDNA 3.1(+), thus yielding the EGFP labelled encapsulin expression vectors. For
co-expressing the TmEnc and the cargo protein in mammalian cells, the gene
encoding TmEnc-EGFP-P2A (with 5> Nhel and 3’ Kpnl restriction sites), and
mCherry-CLP or NLuc-CLP (with 5° Kpnl and 3’ Xhol restriction sites) were
digested and inserted between the Nhel and Xhol sites of pcDNA 3.1(+), thus
yielding the P2A bicistronic construct. The protein sequence of P2A peptide is:
ATNFSLLKQAGDVEENPGP?%,

The previously reported pCAG-ERT2-PhoCl-Cre-PhoCI-ERT2 (Addgene
#87694) plasmid was used as the backbone vector for the construction of SR-PhoCl
fused encapsulins. The DNA fragments encoding the TmEnc-EGFP or TmEnc-
P2A-mCherry-CLP (with 5’ Nhel and 3’ Notl restriction sites) were amplified via
PCR and inserted into the appropriately digested pCAG vector.

To construct the plasmids used in encapsulin-based LARIAT system, DNA
encoding the CRY2 (with 5° Nhel and 3° Kpnl restriction sites) and the mCherry
(with 5” Kpnl and 3’ Xhol restriction sites) were digested and inserted between the
Nhel and Xhol sites of pcDNA 3.1(+), thus yielding CRY2-mCherry expression
vector. And the gene fragments encoding the TmEnc-EGFP (with 5’ Nhel and 3’
Kpn2I restriction sites) and the CIBN (with 5’ Kpn2I and 3’ Xhol restriction sites)
were inserted into pcDNA 3.1(+), thus yielding TmEnc-EGFP-CIBN expression
vector. Mutating the predicted nuclear localization residues in CRY2 and CIBN

were performed by using site-directed mutagenesis.
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4. 4. 4 Cell photoconversion and imaging conditions

The general imaging conditions used in this chapter were same to those
described in section 3.4.4.

For imaging of PhoCl-mediated photo-closable encapsulins,
photoconversion was performed with 5 s pulse violet light illumination (395/40 nm
nm, 2 mW/mm?) every 1 min for 30 min, and each pulse of photoconversion light
was followed by acquisition of EGFP or mCherry fluorescence images. Cells are
imaged with an Axiovert 200M inverted microscope (Zeiss), which was equipped
with a 75 W xenon-arc lamp, 63x objective lens (NA 1.40, oil; Zeiss) and an
ORCA-Flash4.0 CMOS camera (Hamamatsu). The MetaMorph software was used
for automatic instrument control and image acquisition.

For imaging of the light-induced protein clustering in encapsulin-LARIAT
system, the images were acquired in mCherry channel before photoconversion.
Photoconversion was performed with 300 ms pulse blue light illumination (490/15
nm, 0.5 mW/mm?) every 15 s for 2 min and each pulse of photoconversion light
was followed by acquisition of mCherry fluorescence images. Imaging acquisition
of red channel continued every 15 s for another 20 min after the photoconversion,
then a repeated round of photoconversion and imaging acquisition was performed
in the same method. Cells were imaged with an Nikon Eclipse Ti-E epifluorescence
microscope equipped with a 75-W Nikon xenon lamp, 20x objective lens (NA 0.75,
air; Nikon) and a Photometrics QuantEM 512SC camera. The NIS-Elements AR
package software was used for automatic instrument control and image acquisition.

Image analysis was performed using ImagelJ software (open source).
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Table 4.1 Primers used in Chapter 4.

Primers

Sequence 5°-3°

pET-28a-TmEnc construct

F-TmEnc

GTTTAACTTTAAGAAGGAGATATACCATGGAGTTTCTGAAGCGC

R-TmEnc

CTTCCTTTCGGGCTTTGTTAGCAGCCGGATCTCAGAACTTAAGCAGGATC
AGAGC

pET-28a-MxEnc construct

F-MxEnc

GTTTAACTTTAAGAAGGAGATATACCATGCCAGATTTTCTGGGTCAC

R-MxEnc

CTTCCTTTCGGGCTTTGTTAGCAGCCGGATCTCAGCGACGCTCAGTAGCA
cC

pET-28a-NLuc-CLP-RBS-TmEnc construct

F-Ncol-NLuc GATATACCATGGTCTTCACACTCGAAGATTTCG

RI-NLuc-CLP TTACGGATACCAAGATCACCGCCGGTATTTTCAGACCCGCCCGCCAGAA
TGCGTTCGCAC

R2-CLP-RBS GTTAAACAAATCTAGAGGTCACAACTTACGGATACCAAGATCACC

R3-RBS-EcoRI

CTCCATGAATTCTCCTTCTTAAAGTTAAACAAATCTAGAGGTCACAAC

F-EcoRI-TmEnc

AAGGAGAATTCATGGAGTTTCTGAAGCGCTCCTTTG

R-TmEnc-Xhol

TGGTGCTCGAGGAACTTAAGCAGGATCAGAGCCTCGG

Quickchange primers for TEVs insertions

TmEnc(Al)-sense

GCGTAAAGGGCTTACTTAGTGAAAACTTGTATTTTCAGAGTTTCGAAGA
ACGTAAGATTG

TmEnc(A2)-sense

TACTTAGTTTCGAAGAACGTGAAAACTTGTATTTTCAGAGTAAGATTGA
ATGTGGTTCCA

TmEnc(M1)-sense

TCGAAGAACGTAAGATTGAAGAAAACTTGTATTTTCAGAGTTGTGGTTC
CACGCCGAAAG

TmEnc(M2)-sense

TTACAACTCCTCGCATTGAAGAAAACTTGTATTTTCAGAGTGACGCCTTG
GTAGTAAGCG

pcDNA-EGFP-TmEnc construct

F-Nhel-EGFP AAGCTGGCTAGCGCCACCATGGTGAGCAAGGGCGAGGAG
R-EGFP-TmEnc GCTTCAGAAACTCGCTTCCACCCTTGTACAGCTCGTCCATGCC
overlap PCR

F-EGFP-TmEnc GAGCTGTACAAGGGTGGAAGCGAGTTTCTGAAGCGCTCCTTTGC
overlap PCR

R-TmEnc-Xhol

TCTAGACTCGAGTTAGAACTTAAGCAGGATCAGAGCCTCG

pcDNA-TmEnc-EGFP construct

F-Nhel-TmEnc

AAGCTGGCTAGCGCCACCATGGAGTTTCTGAAGCGCTCC

R-TmEnc-EGFP

CCCTTGCTCACGCTTCCACCGAACTTAAGCAGGATCAGAGCCTCG

overlap PCR

F-TmEnc-EGFP CCTGCTTAAGTTCGGTGGAAGCGTGAGCAAGGGCGAGGAGC
overlap PCR

R-EGFP-Xhol TCTAGACTCGAGTTACTTGTACAGCTCGTCCATGCC

pcDNA-TmEnc-EGFP-P2A-mCherry-CLP construct

F-Nhel-TmEnc

AAGCTGGCTAGCGCCACCATGGAGTTTCTGAAGCGCTCC

R1-TmEnc-EGFP-P2A

TACGTCACCAGCTTGTTTGAGGAGTGAGAAATTTGTTGCCTTGTACAGCT
CGTCCATGCC

R2-P2A-Kpnl

GCTCACGGTACCTGGTCCTGGGTTTTCTTCTACGTCACCAGCTTGTTTGA
GGAG

F-Kpnl-mCherry

GGACCAGGTACCGTGAGCAAGGGCGAGGAGG
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R1-mCherry-CLP

TACGTCACCAGCTTGTTTGAGGAGTGAGAAATTTGTTGCCTTGTACAGCT
CGTCCATGCC

R2-CLP-Xhol

ATAGGCAGCCTGCACCTGAGGAGTGCGGCCGCTCACAACTTACGGATAC
CAAGATCACCG

pcDNA-TmEnc-EGFP-P2A-NLuc-CLP construct

F-KpnI-NLuc

GGACCAGGTACCATGGTCTTCACACTCGAAGATTTCGTTG

R1-mCherry-CLP

CTTACGGATACCAAGATCACCGCCGGTATTTTCAGACCCGCCCGCCAGA
ATGCGTTCGCAC

R2-CLP-Xhol

TCTAGACTCGAGTCACAACTTACGGATACCAAGATCACCGCCG

PCAG-ERT2-PhoCl-TmEnc-EGFP construct

F-Nhel-TmEnc

CCACGGGCTAGCGGAGGCAGCATGGAGTTTCTGAAGCGCTCC

R-EGFP-Notl

AGGAGTGCGGCCGCTATCACTTGTACAGCTCGTCCATGCC

PCAG-ERT2-PhoCl-TmEnc-P2A-mCherry-CLP construct

F-Nhel-TmEnc

CCACGGGCTAGCGGAGGCAGCATGGAGTTTCTGAAGCGCTCC

R-TmEnc-Xhol

TCGCCCTTGCTCACGCTCTCGAGGAACTTAAGCAGGATCAGAGCCTCG

F-Xhol-P2A

AGGCTCTGATCCTGCTTAAGTTCCTCGAGGCAACAAATTTCTCACTCCTC
AAACAAGCTG

R-CLP-Notl

ATAGGCAGCCTGCACCTGAGGAGTGCGGCCGCTCACAACTTACGGATAC
CAAGATCACCG

pcDNA-CRY2-mCherry construct

TATAGGGAGACCCAAGCTGGCTAGCGCCACCATGAAGATGGACAAAAA

F-Nhel-CRY2 GACTATAGTTTG

R-CRY2-Kpnl CCTCCGGTACCTTTGCAACCATTTTTTCCCAAACTTGTAG

F-Kpnl-linker- CTACAAGTTTGGGAAAAAATGGTTGCAAAGGTACCGGAGGCGGGGGCA
mCherry GCG

R-mCherry-Xhol

AGCGGGTTTAAACGGGCCCTCTAGACTCGAGTTACTTGTACAGCTCGTC
CATGCC

pcDNA-CRY2-mCherry construct

TATAGGGAGACCCAAGCTGGCTAGCGCCACCATGAAGATGGACAAAAA

F-Nhel-CRY2 GACTATAGTTTG

R-CRY2-Kpnl CCTCCGGTACCTTTGCAACCATTTTTTCCCAAACTTGTAG

F-Kpn[-linker- CTACAAGTTTGGGAAAAAATGGTTGCAAAGGTACCGGAGGCGGGGGCA
mCherry GCG

R-mCherry-Xhol

AGCGGGTTTAAACGGGCCCTCTAGACTCGAGTTACTTGTACAGCTCGTC
CATGCC

pcDNA-TmEnc-EGFP-CIBN construct

F-Nhel-TmEnc

CTCACTATAGGGAGACCCAAGCTGGCTAGCGCCACCATGGAGTTTC

R-EGFP-Kpn2I

CCTCCTCCGGACTTGTACAGCTCGTCCATGCCGAG

F-Kpn2I-CIBN

TGGACGAGCTGTACAAGTCCGGAGGAGGCGGTAGCATGAATGGAGCTA
TAGGAGGTGACC

R-CIBN-Xhol

GTTTAAACGGGCCCTCTAGACTCGAGTTAAATATAATCCGTTTTCTCCAA
TTCCTTCGTC

Quickchange primers for NLS mutation

CRY2
antisense

NLS  mut-

CTTCCTCAGGTTTCACTGCCGCTGACCCGTTGTAACGAACAGCCGAAG

CIBN NLS mutl-
antisense

CCTTAGTCTCTGTATCAAACTTCGCTGCCTTGAAATTTCCAGTCCCAAGC
G

CIBN NLS mut2-
antisense

TCATCTCTGTTCATCGTCATCTTCTTCGCCGCCTCATTACAATCCTTAGTC
TCTGTATC
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Chapter 5 Conclusions and future directions

5.1 Summary of the thesis

The development of optogenetic actuators has resulted in a broad repertoire
of genetically encodable tools with diversity in terms of mechanism, spatiotemporal
scale, and applicability to the control of various biological processes. These tools
provide researchers with a powerful toolkit to expand our understanding of cell
biology and physiology, and may one day find use as therapeutic therapies in
clinical applications?!%2!4, Despite the tremendous progress in the development and
application of tools, optogenetic technology remains a burgeoning field. There is
growing demand for new tools with new capabilities, including improved optical
properties and light-induced responses, to satisfy the needs of a wider variety of
studies in the life sciences.

To expand the actuator toolkit, we previously introduced the first generation
of photocleavable protein (PhoCll), which is engineered from a green-to-red
photoconvertible fluorescent protein (FP)*¢. Compared to the other photoreceptor
proteins used in optogenetics, PhoCl has some unique beneficial properties, such
as robust heterologous expression, self-sufficient chromophore formation?!>, and a
uniquely irreversible photocleavage mechanism!'#6216,  PhoCll has been
demonstrated to be a simple and versatile photocleavable linker for regulation of
protein translocation, gene expression and enzyme activities®.

To further improve PhoCll for faster and more efficient dissociation, in

Chapter 2 I presented my efforts to develop novel variants of PhoCl. Working with

130



collaborators, the protein X-ray crystal structures of PhoCl1 (green, red, and empty
barrel states) were determined in order to obtain a better understanding of the
structural changes associated with the dissociation process. To screen libraries
based on dissociation, I developed a high-throughput screening method by using a
luciferase complementation assay. This work led to the identification of the second
generation of PhoCl variants: PhoCl2¢ with improved dissociation efficiency, and
PhoCl2f with faster dissociation rate. In Chapter 3, I demonstrated the improved
dissociation performances of PhoCI2 variants when characterized as purified
proteins and in cell-based experiments. I further explored the application of
PhoCl2c¢ for optogenetic apoptosis in living cells. These data demonstrate the utility
of PhoCl2 variants for the development of novel and improved PhoCl-based
optogenetic tools.

In Chapter4, I described my efforts to explore the utility of encapsulin, a
naturally sourced bacterial protein-based nanocompartment, for optogenetic
applications. This proteinaceous capsules can pack foreign cargo proteins inside
and be auto-assembled in cells, making it a promising building block to be used in
optogenetic tools. By combining the use of encapsulin and different photosensory
domains, I have engineered a photo-closable encapsulin shell through using
photocleavage of PhoCl, as well as an optogenetic protein clustering system by
using the blue light-activatable CRY2-CIBN pair.

In summary, this thesis described the development, characterization and
application of PhoCl2 variants and encapsulin. In the following sections, I will

propose our future directions for these studies.
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5. 2 Future directions

5. 2.1 Development of novel screening strategies and applications for PhoCl

In Chapter 2, I described a novel high-through screening method based on
a protein-fragment complementation assay. However, the screened library size still
remained limited (with ~ 10,000 variants in total) by using this strategy. A limiting
factor is that the protein concentration is too high in E. coli expression system, such
that the NanoBiT luciferase remains associated inside the bacteria after
photocleavage. Unfortunately, this high concentration means that the screening
strategy cannot be performed directly in E. coli colonies on agar plates. Rather, the
colonies have to be picked, cultured, and lysed manually before measurements. To
address this problem for more high-throughput screening, the protein expression
level in E. coli would need to be further optimized to balance both aspects of
dissociation affinity and detectable luminescence signals.

Another promising screening strategy would be to utilize the mRNA
display?'72" or ¢cDNA display?>*-?2? technologies. This type of in vitro display
method results in the association of the translated proteins with their gene sequence
information. The nucleotide sequence of a single mRNA-PhoCl fusion protein
molecule that dissociates faster, or needs lower light intensity for conversion, could
be identified from large size library. Currently, such an mRNA display strategy is
being used to screen for improved PhoCl variants by our collaborator Professor

Donald B. Arnold at the University of Southern California.

132



In addition to high-throughput screening strategies, the range of possible
applications of PhoCl should be further explored. In principle, the barrel structure
of PhoCl could allow the inhibition of small peptide or the active site of enzymes
directly by blocking their mode of action through a steric effect. Such a PhoCl-
mediated strategy could be used to covalently trap or cage cell signaling peptide
(such as translocation signal peptide and enzyme inhibitor) and protein enzymes in
the dark and trigger the activity upon light illumination by releasing the steric

constraint.

5. 2. 2 Development of encapsulin-based nanocapsule platform

For encapsulin-based nanocapsules, future efforts should focus on
demonstration of the complete capsule formation and monodisperse particles
distribution in mammalian cells by using a variety of characterization assays. These
assays could include western blot, native mass spectrometry, and correlative
fluorescence and electron microscopy. After these further demonstrations, the
advantages and utility of encapsulins could be explored as compartments used in
optogenetic tools to regulate a wide variety of metabolic and physiologic processes.

In addition to be used as a nanocompartment, I have demonstrated that the
oligomerization of encaspulin subunits can be used in the encapsulin-based
LARIAT system. In this system, the complete capsule formation is not strictly
required, which may expand the versatility of encapsulins. This strategy could be
further demonstrated for its utility for optogenetic probing and controlling of liquid-

liquid phase separation®?*~2%3. Furthermore, the cargo protein loading capacity of
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encapsulin would bring new insights into this area by enabling the manipulation of
biochemical reactions with spatiotemporal precision in a simple and versatile

approach.

5. 3 Concluding remarks

In the research work presented in this thesis, I have described my effort to
develop the second generation of PhoCl variants and the bacterial encapsulin-based
light-controllable nanocapsules. First, by using protein engineering and structural-
guided directed evolution, we successfully engineered two novel variants PhoCl2c
(with improved dissociation efficiency) and PhoCl2f (with faster dissociation rate).
We demonstrated the improvement of PhoCI2 variants in vitro and in cell-based
experiments. Compared to PhoCl1, the PhoCl2c variant has been demonstrated to
have higher dissociation efficiency in optogenetic apoptosis application. Although
the protein structure of the novel PhoCl2 variants have not been solved yet, the
determined X-ray crystal structures of PhoCl1 presented in this study expand our
understanding of the dissociation process at the molecular level and will guide even
further protein engineering studies. Second, we explored the utility of bacterial
encapsulin nanocapsules in mammalian cell expression system. We have described
our efforts to engineer the light-controllable encapsulin shell through various
design strategies. Although the further characterizations are required to
demonstrate the capsule integrity in cells, we propose that the encapsulin-based
optogenetic tools has great potential in imaging cell dynamics, regulation the

activities of functional protein, and controlling of protein phase separation.
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Appendix: Protein crystallization and structure determination of

PhoCll1

The protein crystallization, X-ray data collection and structure refinement
were performed by our collaborator: Dr. Yurong Wen from Dr. M. Joanne
Lemieux’s lab in Department of Biochemistry, University of Alberta. The detailed

method and data collection are described below.

A. 1 Crystallization and data collection

The green state of PhoCl1 and PhoCll empty barrel recombinant proteins
were further purified with size exclusion chromatography using SD200 column
(GE Healthcare) and buffer exchanged to 20 mM Tris pH 7.4, 150 mM NacCl. Initial
crystallization trails were carried out with 384-well plate via sitting drop vapor
diffusion against commercially available sparse matrix screens (Hampton Research
and Molecular Dimensions) at room temperature. The green state of PhoCl was
crystallized in 0.1 M MIB buffer pH 6.0, 25% w/v PEG 1500. Crystals of the red
state of PhoCll was generated from the PhoCll green crystals through
photoconversion with the violet light (15 s illumination with 405 nm LED array,
3.46 mW/mm?). The PhoCll empty barrel crystals were observed in 0.056 M
NaH>PO4-H20, 1.344 M K>HPO4, pH 8.2. All the crystals were cryoprotected with
the reservoir condition in supplement with 15-20% glycerol and flash frozen in

liquid nitrogen. X-ray diffraction dataset were collected at Canadian Light Source
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CMCF-ID beamline. All the datasets were processed and scaled with XDS

package??; the data collection details and statistics are summarized in Table A.1.

A. 2 Structure determination and refinement

The structure of the green state of PhoCll was solved by molecular
replacement using mTFP1 (PDB ID: 2HQK) as search model??’?%, The red state
of PhoCl1 and PhoCl empty barrel structure determination were carried out using
the solved the green state of PhoCl1 as template. The manual model building and
refinement were performed with Coot?*” and PHENIX?* refine. The CR8 and IEY
were used as the chromophore ligands for the green state and the red state of PhoCl1
respectively. In the PhoCl red crystal, the chromophore turned out to be partially
converted, therefore two of the six monomers in the asymmetric unit with high
occupancy for IEY were modeled in red form, and the other monomer was built in
green form.

The PhoCl green form was solved to 2.10 A with a Ry factor of 0.1824
and R factor of 0.2162 in P212,2; spacegroup. The Photoconversion of the PhoCl
green crystal induced the packing of the crystal and the PhoCl red model was
refined to 2.30 A with a Rwon factor of 0.2186 and Rrre. factor of 0.2638 in P1
spacegroup. The PhoCl empty barrel was determined to 2.82 A in P2, spacegroup
with anisotropical diffraction; the dataset was processed with the Diffraction
Anisotropy Server?*! and refined with a Ryox factor of 0.2587 and Rpree factor of

0.3029.
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All the structures showed favorable stereochemistry and exhibited good
distribution of dihedral angles on a Ramachandran plot. Detailed refinement
statistics are summarized in Table A.1. All the structure figures were generated

using the molecular visualization PyMOL package?*2.
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Table A.1 X-ray data collection and refinement statistics.

Crystal | PhoCl1 green state PhoCl1 red state PhoCl1 emptyBarrel
Data collection

Spacegroup P212:12, P1 P2,

a, b, c(A) 60.36, 112.76, 144.85 38.93,72.49, 126.55 46.4,119.6, 65.3
a, B,y (°) 90.0, 90.0, 90 92.5,97.3,92.5 90, 107.7, 90
Resolution (A) 42.88-2.10 (2.18-2.10) 38.57-2.30 (2.38-2.30) 43.11-2.82 (2.92-2.82)
Rmerge 0.066 (0.709) 0.042 (0.533) 0.073 (0.760)
Rmeas 0.078 (0.835) 0.059 (0.734) 0.089 (0.936)
Multiplicity 34 (3.5) 1.8 (1.7) 2.7@2.7)
CC(172) 0.997 (0.885) 0.998 (0.855) 0.997 (0.811)
CC* 0.999 (0.969) 1 (0.96) 0.999 (0.946)
I/o(I) 9.73 (1.72) 9.60 (1.20) 8.54 (1.28)
Completeness (%) 96.8 (97.7) 95.9 (94.9) 92.9 (94.5)
Wilson B-factor (A?) 25.64 28.86 43.91
Refinement

Total Reflections 194926 (31020) 103548 (16288) 44693 (7133)
Unique Reflections 57043 (9153) 58440 (9388) 16400 (2688)
Rwork/ RFree 0.1824/0.2162 0.2186/0.2638 0.2587/0.3029
Number of atoms:

Protein 6715 10075 5031
Ligands 100 148 -

Water 410 488 -
Average B-factor (A?) 34.07 35.53 38.70
Protein ADP (A?) 34.35 35.59 38.71
Ligands (A?) 22.13 29.24 -

Water 32.51 31.77 -
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Ramachandran plot:

Favored/Allowed (%) | 97.70/2.20 94.0/5.4 91.0/8.7
Root-Mean-Square-Deviation:

Bond lengths (A) 0.012 0.004 0.005
Bond Angle (°) 1.50 1.0 0.82

Note: Statistics for the highest resolution shell are shown in parentheses.
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