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Abstract

Information is transmitted between neurons through the flow of different ions and the
release of neurotransmitters at speeds on the order of milliseconds. The advent of genetically
encoded fluorescent protein (FP)-based optical indicators for neuronal activity, which can be
precisely targeted towards desired populations of cells and enabled non-invasive imaging of both
single neurons and populations of neurons, revolutionized our understanding of neurotransmission.
In this thesis, we detail our efforts to expand the repertoire of genetically encoded indicators for
neurotransmission by combining directed evolution and rational design.

First, we expand the pool of analytes for which genetically encoded indicators are available
by engineering a new series of green FP-based aspartate indicators, which we call “ODIN1”, from
a new aspartate/glutamate periplasmic binding protein. By analyzing the protein’s solvent
accessibility, we were able to identify the optimal insertion point for a circularly permutated (cp)
green FP and engineer bright prototypes with large dynamic ranges. Further optimization efforts
to introduce specificity for aspartate over glutamate led to variants with different and well-
separated affinities for aspartate and glutamate. By tethering the ODIN1 variants on the surface of
cells using the SpyTag and SpyCatcher system, we were able to show that ODIN1 had good
response towards aspartate that is comparable to other first-generation indicators for amino acids.

Second, we capitalized on our efforts from engineering ODIN1 by engineering the first
single FP-based glutamine indicator using a glutamine binding protein that is homologous to our
aspartate/glutamate binding protein. By careful optimization of the linkers, we engineered a highly
specific variant, which we refer to as “Qigonl”, with relatively high affinity and modest response.

Using SpyTag and SpyCatcher, we demonstrated that Qigonl is functional on the cell surface.

1



Next, we describe the development of a new red genetically encoded calcium ion (Ca")
indicator (GECI), RCaMP3.0, using mRuby3, one of the brightest red FPs to date. RCaMP3.0
shows a significantly larger dynamic range than its predecessor but still has low brightness and
affinity for Ca®*. As a result, its performance in cells is limited.

Last, we expand the spectral palette of available GEClIs by engineering a new series of far-
red Ca”" indicators, the FR-GECO series, based on a new monomeric far-red FP. The FR-GECOs
have high affinity and large dynamic ranges, are bright under one-photon and two-photon

illumination in vitro and offer fast and sensitive detection of single action potentials in neurons.
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Preface
A version of Chapter 1 has been published as: Dalangin, R.; Kim, A.; Campbell R.E, The

role of amino acids in neurotransmission and fluorescent tools for their detection. Int. J. Mol. Sci.
2020, 21 (17), 6197.

For the aspartate indicators in Chapter 2, the experimental work was performed by
Matthew D. Wiens, Anna Kim, and myself. Matthew D. Wiens and Anna Kim contributed to the
engineering performed on the Gltl-based indicator. For the PEB1a-based design, I designed the
initial construct, performed the engineering, in vitro characterization and experiments in cells.
A K. contributed to the engineering and in vitro characterization. Robert E. Campbell supervised
the project and edited the chapter.

For the glutamine indicators in Chapter 3, Abhi Aggarwal and I performed the
experimental work. Abhi Aggarwal built the initial constructs with the glutamine binding protein
from E. coli, optimized its linkers, and provided figures. I performed further optimization on this
design and all experimental work with the second glutamine binding protein from B. pseudomallei.
Robert E. Campbell directed the project and edited the chapter.

I carried out all the work in Chapter 4. Robert E. Campbell supervised the research and
edited the chapter.

A version of Chapter 5 is being prepared for publication as: R. Dalangin, M. Drobizheyv,
R. S. Molina, Y. Zhao, J. Wu, T. E. Hughes, Y. Shen, R. E. Campbell, Far-red fluorescent
genetically encoded calcium ion indicators. Yi Shen, Jiahui Wu and I performed protein
engineering. Yi Shen and I performed the 1P in vitro characterization, while Mikhail Drobizhev

and Rosana S. Molina performed 2P in vitro characterization. Yi Shen and Yufeng Zhao performed
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cultured cell imaging. Y1 Shen, Thomas E. Hughes and Robert E. Campbell directed the project.

Yi Shen, Mikhail Drobizhev, Robert E. Campbell and I wrote the manuscript.



To my sister.

For reminding me I was human, even when 1

didn’t want to remember.

“It was the secrets of heaven and earth that I desired to learn; and whether it was the
outward substance of things, or the inner spirit of nature and the mysterious soul of
man that occupied me, still my enquiries were directed to the metaphysical, or in its

highest sense, the physical secrets of the world.”

— Mary Shelley, Frankenstein
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1 Chapter 1 — Introduction

1.1 Introduction

Neurons communicate to each other by the release of chemicals stored in synaptic vesicles
across specialized gaps known as synapses. These chemicals diffuse across the synapse and bind
to their target receptors on adjacent neurons to modulate their physiological states. While these
messenger chemicals are collectively referred to as neurotransmitters, there can be confusion
regarding the difference between neurotransmitters and neuromodulators. Classically,
neurotransmitters are defined as molecules that meet the following criteria (adapted from Werman
[1]):

. Presence of the molecule in neurons;

. Stored in synaptic vesicles and released in a Ca**-dependent manner from neurons
as a result of depolarization;

. Exogenous application of the molecule must elicit the same response from post-
synaptic neurons as endogenously-released molecules;

. Molecule must have a mechanism for its removal from the synapse.

Molecules that meet some, but not all, of these criteria can be referred to as
neuromodulators. However, the term “neuromodulator” has also been used to refer to known
neurotransmitters whose primary mode of action is to bind G-protein coupled receptors (GPCRs)
to trigger a longer-lasting second messenger signalling cascade. Moreover, molecules that exert
effects over greater volumes or distances than just across synapses have also been referred to as
“neuromodulators”. To minimize confusion, we will confine the use of the term “neurotransmitter”
for molecules that have met the criteria for classical neurotransmitters and refer to other molecules

that can still modulate neuronal activity as “neuromodulators” from this point onward.



As a class of compounds, amino acids are most commonly recognized as the building
blocks of proteins. However, strictly speaking, amino acids are defined as compounds that contain
an amine group (-NHs3") and a carboxylic acid group (-COO") (represented here in their
physiologically most relevant ionization states; Figure 1-1A), and not all amino acids are
proteinogenic (Figure 1-1B). In addition to serving as protein building blocks, amino acids, for
example, function throughout the body as key metabolites; precursors to other metabolites and
lipids; and regulators of gene expression and cell signalling [2]. Within physiological systems,
amino acids may also have specialized roles. In the nervous system alone, several amino acids,
most famously glutamate, are known to be small-molecule neurotransmitters and neuromodulators
or precursors for other small-molecule neurotransmitters [2]. With the prominence of several
canonical amino acids in the nervous system, a review summarizing the roles of all the canonical
amino acids, as well as some of the most predominant non-canonical amino acids, within the
nervous system may prove to be beneficial.

Within the last few decades, fluorescence imaging has revolutionized our understanding of
neurotransmission. Neurotransmission events can begin and conclude within milliseconds, and
unlike classical methods such as microdialysis or cyclic voltammetry [3], fluorescence imaging
enables the study of both single neurons and populations of neurons while maintaining high spatial
and temporal resolution. Ideally, fluorescent probes (also interchangeably referred to as sensors,
biosensors, reporters, or indicators) will be bright, fast, specific to their target and show large
intensity changes upon its detection. They should also be stable, non-toxic and be easily delivered
to their target location with minimal off-target labelling. Additionally, for any analyte, sensors

should be available in a palette of colours to enable simultaneous imaging of different analytes.



Fluorescent probes have been synthesized using a variety of materials and strategies, each of which
have their own advantages and drawbacks.

This review aims to provide a brief overview of some of the most important roles the twenty
canonical amino acids, along with B-alanine and y-aminobutyric acid, have within the nervous
system. We will focus on their immediate (i.e., not their derivates’) roles in modulating
neurotransmission and we will highlight the lesser known amino acids (Figure 1-1and Table 1-1).
Unless stated otherwise, amino acids referred to in this review should be assumed to be the L
isomer. We will also review various fluorescence-based probes for detecting endogenous amino
acids in live cells and tissue. Due to the complexity and interconnectedness of neurotransmission

and space limitations, this review is not meant to be exhaustive, and many relevant papers are not

included.
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Figure 1-1 - Stereochemistry of amino acids and their side chains.
(a) Stereoisomers of amino acids are classified as D or L. The amino acids in proteins are

the L stereoisomers according to the D/L system and are in the S configuration of the A/S



system (except for cysteine which is actually in the /A configuration due to the presence of
a sulfur atom in the side chain and naming conventions). Unless stated otherwise, amino
acids referred to in this review should be assumed to be the L sterecisomer. (b) The side
chains of the 22 amino acids reviewed in this paper with boxes classifying them based on
their main functions within neurotransmission. Non-proteinogenic amino acids are
indicated by an orange box. The red boxes denote excitatory amino acids, while the ones
in green boxes are inhibitory. Amino acids in blue boxes serve primarily as precursors for
neurotransmitters, and the ones in black boxes have neuromodulatory effects. The
aromatic amino acids are grouped together in a yellow box, while the branched chain

amino acids (BCAAs) are grouped in a purple box.

Table 1-1 - Amino acids and their roles in neurotransmission.
Unless explicitly stated, assume the L isomer. See main text for references.

Amino acid Excitatory/  Neurotransmitter/ Receptor Function
Inhibitory Neuromodulator/
Precursor
Glutamic acid Excitatory Neurotransmitter Tonotropic Main excitatory neurotransmitter in
(Glu) (AMPA, CNS.
NMDA, and Excesses can cause excitotoxicity.
kainate)
metabotropic
glutamate
receptors
Aspartic acid Excitatory Neuromodulator, NMDA, L-Asp — neuromodulator (proposed
(Asp) neurotransmitter mGIuRS5 (D- neurotransmitter); NMDAR
asp) agonist.

D-Asp — neuromodulator (proposed
neurotransmitter); involved in
hormone release, neurogenesis,
learning and memory.

Glutamine (Gln) N/A Precursor Ionotropic Generation of glutamate, GABA,
glutamate aspartate.
receptors (but Involved in regulating ammonia
requires homeostasis.
millimolar

concentrations)




Unclear physiological relevance of
glutamine-induced activation of
ionotropic glutamate receptors.

Cysteine (Cys) Excitatory Neurotransmitter, NMDA Physiological relevance of
precursor NMDAR activation is unclear.
Excitotoxin — unknown mechanism.
Precursor to glutathione, L-cysteine
sulfuric acid, L-cysteic acid and
hydrogen sulfide.
Methionine N/A Precursor N/A Precursor to homocysteine, which
(Met) is an excitatory neuromodulator
that binds to NMDA receptors.
Proline (Pro) Excitatory Neuromodulator Glycine, Excess leads to hyperprolinemia
NMDA, (seizures, hyperlocomotion,
AMPA/Kainate learning and other cognitive
deficits).
Stress response.
Asparagine N/A Precursor N/A Precursor to aspartate.
(Asn) Deficiencies in synthesis leads to
structural abnormalities in brain.
GABA Inhibitory Neurotransmitter Ionotropic Major inhibitory neurotransmitter
(adult); (GABAA) and  in the brain.
excitatory metabotropic Co-released with glycine in some
(developing) (GABAg) synapses.
Lysine (Lys) Inhibitory Neuromodulator, GABAA,, Precursor for L-glutamate
precursor GPRC64 Modulator of GABAergic
transmission.
Indirect regulation of D-serine
Stress response and pain.
Arginine (Arg) N/A Precursor N/A Precursor to NOx species and
creatine.
Reduces stress-induced anxiety.
Glycine (Gly) Inhibitory Neurotransmitter Glycine Main inhibitory neurotransmitter in
receptors, the spinal cord.
NMDA Co-released with GABA in some
synapses.
Co-agonist of (extrasynaptic)
NMDA receptors.
Involved in cell migration and
synaptogenesis.
Serine (Ser) Both Precursor, NMDA and L-Ser — precursor to glycine and D-
neurotransmitter glycine (D-ser)  serine; facilitate release of

glutamate and aspartate.

D-Ser — Co-agonist for glycine and
NMDA receptors; involved in
Alzheimer’s disease and alcohol
addiction.




Alanine (Ala) Both Neuromodulator Glycine, D-Ala - weaker agonist for glycine
NMDA receptors and co-agonist for
NMDA receptors.
Threonine (Thr) N/A Precursor N/A Precursor to glycine.
B-alanine (p- Inhibitory Neurotransmitter, MrgprD, Rate-limiting precursor to
Ala) precursor NMDA, carnosine.
GABAA/c, Pain modulation.
Glycine Histamine-independent itch
mechanisms.
Aromatic amino N/A Precursors N/A Precursor to catecholamines,
acids serotonin and histamine.
(phenylalanine
(Phe),
tryptophan
(Trp), tyrosine
(Tyr) and
histidine (His))
BCAAs N/A Precursor N/A Competes with aromatic acids’

(isoleucine (Ile),
leucine (Leu)
and valine
(Vab))

transport, indirectly modulating
synthesis of catecholamines,
serotonin and histamine.
Precursor for glutamate.

1.2 Amino Acids
1.2.1 Glutamic acid

Since Curtis and colleagues first reported its excitatory effects in the late 1950s, L-
glutamate, the deprotonated form of L-glutamic acid, has been established as the main excitatory
neurotransmitter in the central nervous system (CNS) with glutamatergic synapses accounting for
80 to 90% percent of the brain’s synapses and at least 60% of all the synapses in the CNS [1-5].
Glutamate is recycled in synapses through the glutamate-glutamine cycle [6,7]. While we aim to
provide sufficient information to orient the reader for the rest of this review, due to the volume of
knowledge, a thorough discussion of glutamate’s importance in neurotransmission is beyond the

scope of this review and we refer readers to other reviews, such as those by Meldrum [8§],

Featherstone [6] and Zhou and Danbolt [9].



Glutamate concentrations in the synapse can range from less than 20 nM to 5 mM while a
recent study found that glutamate concentration in isolated synaptic vesicles was approximately
700 mM [10-12]. Glutamate binds to three ionotropic receptors (i.e., N-methyl-p-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA), and kainate
receptors) which are all channels that allow the passage of Na*, K* and sometimes Ca?". Of these,
NMDA receptors uniquely function as a coincidence detector as their activation requires the
binding of a co-agonist, such as glycine or D-serine, and is also voltage-dependent due to a Mg?*
block in the pore [13,14]. Moreover, NMDA receptors conduct Ca**, which act as a secondary
messenger to trigger signalling cascades. Thus, NMDA receptors are critical for synaptic plasticity
and learning [15], and it has been implicated in many neurological disorders, such as addiction
[16], Alzheimer’s disease [17] and others that will be mentioned in this review. Glutamate also
binds to three classes of metabotropic glutamate receptors, all of which are GPCRs, that trigger
different signalling cascades. Excessive activation of glutamate receptors is called excitotoxicity
and leads to neuronal death and degeneration [18]. Additionally, glutamate released into the
synapse can diffuse out of the synapse (“spillover”) and activate receptors outside of synapses and
in other synapses [19-21].

1.2.2 Aspartic acid

Aspartate is a structural homologue of glutamate, with one fewer methylene (-CHz) group
in the sidechain. L-Aspartate was first reported to excite neurons along with L-glutamate [3,5] and
is generally considered as the secondary excitatory neurotransmitter in the CNS, with some studies
suggesting that aspartate and glutamate may be co-released [22-24]. However, unlike L-glutamate,
whose role in the brain as the main excitatory neurotransmitter is well-characterized and
undisputed, there is still some controversy regarding the status of L-aspartate as a neurotransmitter

[25,26].



Stimulus-dependent release of L-aspartate has been observed in different brain regions,
such as the visual cortex [27], hippocampus [22,28,29] and cerebellum [30]. It was detected in the
rat brain with a concentration of approximately 2.7 pmol/g wet weight, though concentrations may
vary depending on the brain region (e.g., the hippocampus has 0.6 nmol/mg tissue) [31,32]. It is
mostly formed from an r-aspartate transaminase-catalyzed reaction between oxaloacetate and
glutamate. Storck ef al. [33] demonstrated that excitatory amino acid transporter 1 (EAATTI), also
known as the glutamate aspartate transporter 1 (GLAST-1), transports L-aspartate out of the
extracellular space, providing a mechanism for its removal. However, the mechanism for vesicular
transport remains unclear as the transporters responsible for packaging L-glutamate do not
transport L-aspartate [34] and reports of a possible transporter (such as sialin) are still inconclusive
[35,36]. L-Aspartate is known to be a selective agonist for NMDA receptors, but a study by Herring
et al. [25] showed that L-aspartate release is insufficient for activation of NMDA receptors in the
hippocampus. However, a report by Richards et al. [37] found higher concentrations of aspartate
than glutamate in motoneuron synapses, suggesting the possibility for physiologically relevant
aspartate-evoked activation of NMDA receptors in the spinal cord. No other receptors for L-
aspartate have been identified. Consequently, the significance of L-aspartate signalling remains
unclear.

D-Aspartate, the enantiomer of L-aspartate, is found in the brain in significant quantities,
although at concentrations ~100x lower than L-aspartate, and meets most of the criteria to be
considered a classical neurotransmitter [32,38] (also reviewed by Ota et al. [39]). Found in
different endocrine tissues and throughout the brain with higher levels occurring during
development, D-aspartate’s roles include being an agonist for NMDA receptors, and regulating

hormone release (e.g., prolactin and luteinizing hormone) and neurogenesis in developing and



adult brains [40-44] (for a review on its neuroendocrine function, see D’ Aniello et al. [45] and for
a deeper discussion on its role in learning and memory, see Errico ef al. [46]). Additionally, D-
aspartate has been reported to activate metabotropic glutamate receptor 5 (mGIluRS) [47]. The
existence of specific D-aspartate receptors has also been demonstrated [38]; however, these
receptors have not yet been identified. Moreover, contrary to the long-standing belief that NMDA
is not endogenous in mammals, D-aspartate was also suggested to be a precursor to NMDA in rats
[40]. Although serine racemase, to a degree, is able to produce D-aspartate from L-aspartate, the
main synthetic pathway for D-aspartate remains an open question since reports of an aspartate
racemase have been questioned [32,41,48-50]. However, to the best of our knowledge, like L-

aspartate, the transporter responsible for loading D-aspartate into vesicles has not been identified.

1.2.3 Glutamine

Glutamine’s main role in neurotransmission is through its participation in the
glutamate/GABA-glutamine cycle [6,7,51]. For a deeper discussion of the glutamate/GABA-
glutamine cycle, as well as glutamine’s other roles in neurotransmission, we refer readers to the
reviews by Bak et al. [7] and Albrecht et al. [51].

In glutamatergic synapses, most of the released glutamate is taken up by astrocytes, where
it is converted to glutamine by glutamine synthetase. Glutamine is then exported to the
extracellular space, where it is taken up by neurons and converted back into glutamate by
phosphate-activated glutaminase and packaged into vesicles. Some of the synthesized glutamate
may also be metabolized to aspartate. Reflecting this cycle’s importance, glutamine is found with
concentrations of ~2-8 nmol/mg tissue in the brain, with the highest levels in the hippocampus and
higher concentrations in the extracellular fluid (up to 1 mM) [51,52]. Glutamine metabolism is also

linked to arginine/nitric oxide (NOx) metabolism as glutamine synthetase both regulates, and is



regulated by, NOx [51,53]. Altered expression or activity of glutamine synthetase in the brain has
been implicated in epilepsy [51,54], depression [55], and suicidal behavior [56], among others.

The glutamate/GABA-glutamine cycle is a key player in regulating ammonia homeostasis
because one molecule of ammonia is consumed or released during the production and metabolism
of glutamine, respectively. Ammonia levels must be carefully regulated as excess ammonia can
trigger oxidative and nitrosative stress, which lead to increased levels of free radicals and
detrimental signalling cascades [57,58]. Additionally, Albrecht and colleagues have proposed that
the effects of oxidative and nitrosative stress are exacerbated by excessive glutamine synthesis, a
process that consumes ammonia but is proposed to impair mitochondrial function (“the Trojan
horse” hypothesis) as the excess glutamine is transported to the mitochondria as an excessive
source of ammonia [57,59,60].

Evidence suggests that millimolar concentrations of glutamine can trigger currents carried
by ionotropic glutamate receptors, including NMDA receptors, and induce increases in synaptic
potential [61,62]. However, Luengo et al. [62] observed a decrease in field excitatory postsynaptic
potential for the first 30 minutes upon glutamine application. The physiological relevance of this
phenomenon remains unclear.

1.2.4 Cysteine and methionine: sulfur-containing amino acids

The presence of a nucleophilic thiol group bestows cysteine and its derivatives with unique
chemical properties that enable them to serve specialized functions within cells. L-Cysteine is most
broadly recognized as a precursor for glutathione, the body’s main antioxidant (for more thorough
discussions on the roles of glutathione in the nervous system, see the reviews by Dringen and
colleagues [63-65]). However, despite lacking the carboxylic acid-containing side chain
characteristic of excitatory neurotransmitters, L-cysteine possesses many of their characteristics.

Specifically, cysteine can: 1) be released by neuron depolarization in a Ca?*-dependent manner; 2)

10



activate NMDA receptors; and 3) be taken up by neurons and glia [66-68]. However, while L-
cysteine is able to trigger synaptic activity and is a known excitotoxin, its exact mechanisms of
action remain unclear (reviewed by Janaky et al. [69]). Beyond excitatory targets, Gonzales and
colleagues recently showed that L-cysteine antagonized GABAap1 receptors [70]. L-Cysteine also
acts as scavenger for acetaldehyde, the first metabolite of ethanol, reducing acetaldehyde-induced
activation of the mesolimbic dopamine pathway and dampening its motivational properties
indirectly [71-74]. Additionally, in the extracellular space, cysteine can be oxidized into cystine
(i.e., two cysteines connected by a disulfide bond) and taken up by astrocytes through
cystine/glutamate antiporter system x. (for a comprehensive review, see Lewerenz et al. [75]),
where this extrasynaptic release of glutamate has been shown to activate extrasynaptic NMDA
receptors [76]. Lastly, cysteine can be metabolized into other neuroactive compounds, such as L-
cysteine sulfinic acid, L-cysteic acid and hydrogen sulfide [77-79]

Besides cysteine, methionine is the other sulfur-containing proteinogenic amino acid, albeit
with a methylated thiol group. As an essential amino acid, methionine is transported into the CNS
using the same systems used by the branched chain and aromatic amino acids [80,81]. Methionine
serves as the precursor to homocysteine, which, like cysteine, can activate glutamatergic receptors
and excite neurons, even to the point of excitotoxicity through an NMDA receptor-mediated
pathway [82-84]. In addition to activating neurons by itself, evidence also suggests that
homocysteine can trigger release of other excitatory amino acids [85]. Homocysteine has been
implicated in anxiety [86], alcoholism [87], Alzheimer’s disease [88] and schizophrenia [89].

1.2.5 Proline
L-Proline is a non-essential amino acid that can be synthesized from L-glutamate [90].

Hyperprolinemia, a genetic condition causing excessive levels of proline due to impaired proline
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metabolism, is associated with seizures, hypolocomotion, learning and other cognitive deficits,
and an increased risk for schizophrenia [91-93]. L-Proline is a known neuromodulator in the brain
and fulfills many of the criteria of a classic neurotransmitter [90,94-96], arguably even more so than
L-aspartate, which is generally considered to be a neurotransmitter. For example, unlike L-
aspartate, a vesicular transporter for L-proline, NTT4, has been identified [97]. Although a proline-
specific receptor has not been identified, L-proline is a weak agonist for glycine receptors, as well
as the glutamate-responsive NMDA and AMPA/kainate receptors [98]. The lower limit of the
extracellular concentration of r-proline was estimated to be 10 nM [99,100]. Regardless,
physiological extracellular concentrations of L-proline have been shown to modulate glutamate
transmission with the ability to induce excitotoxicity [101-103]. Behaviorally, activation of NMDA
receptors by L-proline has also been shown to mediate stress responses in chicks under acute stress
by altering the stress-induced metabolism of dopamine and serotonin [104,105].

Multiple transport systems, such as the PROT transporter, have been identified for L-
proline, and the specific contribution of each transport system with respect to regulating L-proline
levels and their physiological importance remains unclear [106-109]. A recent study by Schulz and
colleagues [110] showed that PROT"" mice lost more than 70% of L-proline uptake in brain regions
where PROT is the most strongly expressed transporter such as the cortex, hippocampus, thalamus
and striatum without resulting in extreme increases in extracellular L-proline concentration.
However, PROT was previously shown to be more highly localized in synaptic vesicles than
plasma membrane but is not considered to participate in loading rL-proline into synaptic vesicles
[99,100]. These vesicles were instead believed to act as a reserve pool of transporters that can then
be moved to the plasma membrane to regulate L-proline uptake and neuronal activity [100]. Instead,

BYAT2, another L-proline transporter, was proposed to be the major transporter responsible for
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uptake of extracellular L-proline [81]. Behaviorally, these mice showed deficits in memory
extinction and locomotion, in line with the observed reductions in PROT activity and downstream
effectors important in learning and memory in some regions [110-112]. At the same time, this study
also reported that the reduction in PROT activity did not cause changes in the levels of the
downstream effectors in the hippocampus, a region with one of the highest levels of PROT
expression, suggesting possible compensatory mechanism in some regions.

Furthermore, L-proline has been demonstrated in rats to induce oxidative stress in the
cerebral cortex, reducing the total radical-trapping antioxidant potential and increasing lipid
peroxidation [113]. This proline-induced oxidative stress has been linked to proline’s inhibitory
effects on both Na'/K" pump and acetylcholinesterase activity [114,115]. Despite these advances,
our understanding of proline’s role in neurotransmission and the CNS is incomplete, even more so

when we consider the implications of glycine receptor activation by L-proline.

1.2.6 Asparagine

Evidence to date suggests that L-asparagine is present in the brain at low concentrations
and, outside of protein synthesis, is limited to serving as a precursor L-aspartate production by
asparaginases like the astrocyte-exclusive Gliap [32,116]. Asparagine can be synthesized from
aspartate by asparagine synthetase, and deficiencies in this enzyme have been reported to cause
brain structural abnormalities and cognitive impairments [117,118]. Asparagine is transported into
the brain in competition with glutamine and histidine [80]; however, despite this competition, L-
asparagine supplementation was not reported to significantly reduce glutamine levels in the brain
and did not affect the levels of related neurotransmitters (i.e., glutamate, aspartate or GABA levels)

in the cerebellum and medulla oblongata [119], unlike the case with BCAAs and aromatic amino
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acids-derived neurotransmitters (discussed below). This lack of effect is likely because asparagine
can be endogenously synthesized.
1.2.7 y-Aminobutyric acid

y-Aminobutyric acid (GABA) is known as the major inhibitory neurotransmitter in the
brain. Although it is an amino acid, GABA is not used in proteogenesis, but functions as a signaling
molecule, with the ability to induce changes in signal transduction in both presynaptic and
postsynaptic neurons [120]. It is synthesized from the decarboxylation of glutamate by glutamate
decarboxylase and is recycled through the GABAergic synapses in a process analogous to the
glutamate-glutamine cycle [7]. GABA, upon binding to its receptors GABAa and GABAC, causes
chloride channels in neurons to open [120]. This opening can lead to depolarization in immature
mammals and hyperpolarization in mature mammals [121]. Therefore, abnormal levels of GABA
are commonly implicated in many psychiatric disorders, most commonly in epilepsy [122]. Other
psychiatric diseases have aberrant GABA signaling. For example, late stages of Alzheimer’s
disease are associated with decreased GABA levels as well as aberrant GABA receptor presence
[120]. GABAergic transmission is also implicated in anxiety disorders, schizophrenia [122],

Huntington’s [123] and pharmacological manipulation of GABA levels is a therapeutic strategy.

1.2.8 Lysine

L-Lysine is an essential charged amino acid transported into the CNS by multiple amino
acid transporters [80,106]. L-Lysine is metabolized by either the saccharopine pathway or the
pipecolic acid (PA) pathway, which ultimately converge (Figure 2) [124]. While the PA pathway
was long believed to be the dominant pathway in the brain [124,125], an initial report by Papes et
al. [126] challenged this view and reopened the discussion. Almost a decade later, an enzyme was
discovered that converts piperideine-6-carboxylic acid back to pipecolic acid, which was initially

believed to be a metabolite exclusive to the PA pathway [127,128]. Subsequent work by Pena et
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al. [129] and Crowther et al. [130] have since shown that the saccharopine pathway is the major
pathway for lysine metabolism. The distribution of lysine metabolism was of particular interest
because L-lysine, through the saccharopine pathway and separate from the glutamate/GABA-
glutamine cycle, is a precursor for L-glutamate, with the initial report by Papes et al. [126]
estimating that approximately a third of glutamate in the CNS is from L-lysine. On the other hand,
piperideine-2-carboxylic acid is an inhibitor of D-amino acid oxidase, which regulates levels of D-
serine, a co-agonist of the NMDA receptor, and thus implicating lysine metabolism in

schizophrenia (see review by Hallen et al. [124]).
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Figure 1-2 - Metabolic pathways of L-lysine.

L-Lysine is metabolized either through the saccharopine pathway (purple arrows) or the
pipecolic acid pathway (green arrows), highlighting the two pathways’ convergence
through spontaneous cyclization and ring opening. Because a more thorough discussion
of lysine’s metabolic pathways is beyond the scope of this review, the enzymes involved in

these pathways were omitted. The two nitrogen atoms from lysine are coloured in purple
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and green to enable atom tracing, but this distinction is lost in metabolites accessible to
both pathways (i.e., pipecolic acid to a-ketoadipic acid). Adapted from Crowther et al.

[130].

One of the earliest discovered neuromodulatory effects of L-lysine is its effect on
GABAergic transmission. In a series of works, Chang and colleagues showed that L-lysine, but
not necessarily its metabolites, delayed the onset of seizures induced by pentylenetetrazol and
increased seizure protection by acting through GABAA receptors in a barbiturate-like manner to
increase the affinity of benzodiazepines to its receptor [131-133]. D-Lysine was also able to delay
seizure onset and confer seizure protection but with a different time course [131]. However,
chronic administration of L-lysine was found to cause tolerance, with maximum protective effects
peaking at 10 days of administration and decreasing when treatment time was extended to 20 days
[134]. However, a clinical study by Ebrahimi and Ebrahimi [135] reported that oral administration
of lysine did not reduce seizure frequency in uncontrolled epilepsy patients, suggesting that in
addition to bioavailability, the type of seizure is probably relevant.

L-Lysine has also been shown to ameliorate stress-induced anxiety, likely by inhibiting
serotonin (5-HT) binding to the 5-HT4 receptors found in the CNS and in intestines [136,137]. It
was also found to be a ligand for the orphan GPRC6A receptor, which has been implicated in the
endocrine system through insulin and testosterone functions [138]. L-Lysine, by itself and in
conjunction with L-arginine, has also been shown to protect against ischemic insults resulting from
suppression of glutamate-induced neuronal activity [139]. Recently, L-lysine was shown to affect

pain-induced behavior in rats [140].
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1.2.9 Arginine

L-Arginine is a semi-essential amino acid that is transported in the brain by a multitude of
systems [80,106,141]. In the extracellular space of the rat brain, its resting concentration was
estimated to be 17 uM [142]. Its metabolism is closely related to two other amino acids, L-citrulline
and r-ornithine (reviewed thoroughly by Wiesinger [143,144]). Briefly, L-arginine can be
metabolized to produce L-citrulline or r-ornithine, and it can also be recycled back from L-
citrulline through the citrulline- NOx cycle in neurons and glia. The main role of L-arginine in the
nervous system is to serve as a precursor for NOx, producing citrulline as a by-product, via the
activity of nitric oxide synthases. NOx possesses many physiological functions, and in the brain, it
plays roles in development, protection against brain injury, and learning and memory [139,145-148].
Additionally, while L-arginine’s effect on ameliorating stress-induced anxiety is likely due to NOx
production [136,149], evidence of L-ornithine, either directly administered or administered as L-
arginine, having an ameliorating effect on stress responses suggests the possibility of a NOx -
independent pathway [150-152]. L-Arginine is also a precursor for creatine, and deficiencies in
creatine synthesis have been related to different neurological conditions, such as speech

impairments and movement disorders [153].

1.2.10 Glycine

Glycine is primarily synthesized from L-serine but is also metabolized to produce L-serine
[154]. Glycine is the main inhibitory neurotransmitter in the spinal cord, brainstem and cerebellum,
where it binds to glycine receptors (ionotropic CI” channels) when released [3,155-157]. A subset of
synapses co-release glycine and GABA, leading to a mixture of variable cytosolic concentrations
and an effective tuning of the degree of, inhibition [158-161]. Released glycine is removed from the
extracellular space by glycine transporters. GlyT-2 is a transporter that is mostly involved with

synaptic glycine reuptake into presynaptic terminals for recycling [156,162]. GlyT-1 is involved in
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glycine clearance from the synapse but is also involved in the release of glycine from astrocytes
in glutamatergic synapses [163]. Accordingly, it can regulate extrasynaptic glycine levels through
both release and removal. Extrasynaptic GlyT-1 has an increased sensitivity to glycine [163]. It is
involved in pain perception and movement, and its dysfunction has been implicated in neuropathic
pain [164] and several startle conditions (reviewed in [165,166]). During embryonic and early
postnatal development, the activation of glycine receptors is involved in cell migration and
synaptogenesis with their activation causing depolarization due to the Cl” gradient (reviewed by
Avila et al. [167]). During development, glycine receptors tend to be expressed in the cortex though
these channels may be primarily activated by taurine due to insufficient levels of glycine [167-169].

Glycine is also a co-agonist required for the activation of NMDA receptors [13]. At
glutamatergic synapses, glycine released into the synapse is reported to spill over and activate
extrasynaptic NMDA receptors preferentially (due to increased sensitivity relative to synaptic
NMDA receptors) [170]. Ahmadi ef al. [171] reported that, in the spinal cord, glycine released in
the synapses of inhibitory interneurons can spillover out of the synapse and activate nearby NMDA

receptors. This rate of glycine spill over is influenced by GlyT-1 [163,170].

1.2.11 Serine

Both enantiomers of serine are neurologically active. L-Serine acts as an important
developmental and signalling molecule as well as a precursor for neuroactive molecules. L-Serine
is synthesized in the brain by astrocytes using four different pathways, and deficiencies have been
linked to many developmental disorders and neuropathies [172,173]. A case study has noted various
developmental deficiencies such as retardation in growth, ichthyosis, polyneuropathy, and delayed
puberty in one female patient [174].

A study by Buratta et al. [175] found that L-serine may be involved in the extracellular

release of glutamate and aspartate through a signalling intermediate, ethanolamine. Further in vitro
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studies have observed that L-serine administration increased growth of the cerebellum’s Purkinje
fibres and enhanced growth of dendrites in hippocampal slices [176,177]. In addition to aiding
growth and the release of other amino acid neurotransmitters, L-serine also serves as a precursor
to the synthesis of both glycine and D-serine, the latter of which is synthesized by serine racemase
[52,154,178,179].

Although D-serine is a known neuromodulator, it does satisfy the conditions to be a
neurotransmitter. Though initially reported to be a glial enzyme, serine racemase is present in
significant quantities in neurons [180,181]. p-Serine competitively binds to the glycine co-agonist
binding site, evoking ~90% of the glycine response [13,182]. Indeed, Papouin et al. [170] reported
that p-serine is the co-agonist for NMDA receptors. Unlike most neurotransmitters, D-serine is
also released by glia (reviewed by van Horn et al. [183]). Its role in NMDA modulation has
implicated functions in Alzheimer’s disease and alcohol addiction, where elevated levels of D-
serine were positively correlated with increased symptoms for Alzheimer’s disease on the
Alzheimer’s Disease Assessment Scale, as well as to decreased dependency on alcohol use
[184,185]. Comprehensive reviews by Mustafa et al. [182] and Wolosker [186] can provide detailed

information on p-serine function in the brain.

1.2.12 Alanine

D-Alanine is present in brain tissues, with the highest concentration in the anterior pituitary
gland (~86 nmol/g wet tissue) [32,187]. It is a known ligand for glycine receptors and can act as a
co-agonist for NMDA receptors, albeit only evoking 62% of the glycine response [3,13]. Its
enantiomer is also a weak agonist of NMDA receptors (evoking 12% of the glycine response) as
well as glycine receptors [3,13]. D-Alanine is believed to be sourced, in part, from intestinal
bacteria, with antibiotic-induced psychosis hypothesized to be caused a by a reduction of D-alanine

producing bacteria in the gut [188,189]. However, the systems involved in transporting D-amino
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acids through the blood-brain barrier (BBB) remain unidentified [190]. Like other D-amino acids,
it is metabolized by D-amino acid oxidase [191].

Amphetamines are stimulants long known to induce hyperlocomotion through aberrant
dopaminergic transmission. In 1971, Iversen et al. [192] reported that lesions on the frontal cortex,
whose projections excite neurons in the caudate nucleus that inhibit motor functions, enhanced
amphetamine-induced hyperlocomotion without affecting dopamine levels. This observed
connection suggests that a reduction in glutamatergic transmission may be upstream of
amphetamine-induced hyperlocomotion. Atsushi ef al. [193] then demonstrated that D-alanine, but
not L-alanine, could inhibit methamphetamine-induced hyperlocomotion, suggesting that NMDA
receptor hypofunction may be responsible for the observed hyperlocomotion. Further studies
identified the dopamine D3 receptor to be a major downstream target for these NMDA receptor-
mediated locomotor effects [194].

In addition to understanding the effects of stimulants in the brain and on behavior, animal
models with drug-induced manipulations of the nervous system (e.g., methamphetamine-induced
hyperlocomotion or psychosis) are useful in understanding schizophrenia (reviewed by Jones et
al. [195]). The initial hypothesis that schizophrenia is caused by excessive dopaminergic
transmission (“dopamine hypothesis”) has since expanded to be the NMDA receptor hypofunction
hypothesis, where decreased NMDA receptor function may lead to aberrant signalling, such as in
dopaminergic pathways (reviewed by Olney et al. [196] and Hashimoto [197]). In line with this
hypothesis, studies have demonstrated that supplementing antipsychotic drugs or D-amino acid

oxidase inhibitors with D-alanine shows promise for treatment of schizophrenia [198,199].

1.2.13 Threonine

Originally probed as a possible amino acid neurotransmitter in the 1980s, threonine is a

proteogenic, essential amino acid that is transported into the brain by multiple transport systems
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[80,106]. However, no neurotransmitter-like function has been reported, and the main non-
proteinogenic role for threonine in the brain may be to a precursor for glycine [200,201]. Oral
administration of threonine for those with spinal spasticity, a disorder related to aberrant peripheral
nervous system (PNS) signalling, led to alleviation of spastic symptoms [202]. However, a
systematic review of oral treatments for spasticity as a symptom of multiple sclerosis found that

threonine administration generally did not relieve symptoms [203].

1.2.14 B-Alanine

B-Alanine is a non-proteinogenic amino acid neurotransmitter found in the CNS that is a
structural intermediate of a-amino acids (e.g., alanine) and y-amino acids (e.g., GABA). For a
comprehensive review of the biochemistry of B-alanine and its role as a neurotransmitter, we refer
readers to the review by Tiedje and colleagues [204].

Expanding on the evidence presented by Tiedje et al. [204] suggesting that B-alanine is a
neurotransmitter, vesicular GABA transporter (VGAT) was reported to be capable of transporting
B-alanine, providing a possible mechanism for f-alanine transport into vesicles [205]. In 2004, over
forty years after the first reports of B-alanine’s inhibitory effects on neurons, Shinohara and
colleagues identified B-alanine, out of over 1500 compounds, as a specific ligand for the orphan
GPCR, MrgprD [206-208].

MrgprD belongs to the Mas-related genes, a subfamily of GPCRs expressed mostly in
sensory neurons of the dorsal root ganglia. It is co-expressed with major nociceptors in a subset of
small diameter neurons that exclusively target a specific layer of the epidermis, suggesting an
involvement in pain modulation [206,207,209]. Early reports regarding MrgprD function found that
silencing MrgprD expression reduced the sensitivity of mice to noxious mechanical stimuli by

inhibiting a specific type of K current and thereby enhancing the excitability of MrgprD-
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expressing neurons [210,211]. MrgprD activation also opened Ca®"-activated chloride channels
through the phospholipase C pathway [212]. Consistent with its proposed role in pain modulation,
upregulated MrgprD expression caused enhanced mechanical hypersensitivity in mice models for
neuropathic pain induced by chronic constriction injury [206,213]. MrgprD has been reported to
play a role in the perception of noxious thermal stimuli [210,213].

MrgprD has also been implicated in histamine-independent itch mechanisms. Liu and
colleagues showed that intradermal or oral B-alanine supplementation triggered an itch response
in humans and confirmed with animal models that this response is mediated by MrgprD activation
[214]. They also observed that B-alanine induced itch response only in a subset of MrgprD-
expressing neurons, and that these neurons were also activated by heat. Taken together, these
findings suggest a possible functional division between MrgprD-expressing neurons, with some

neurons mediating itch and others mediating pain.

1.2.15 Aromatic amino acids

The aromatic amino acids consist of phenylalanine, tryptophan, tyrosine, and histidine. All
but tyrosine are essential amino acids, while tyrosine is considered semi-essential because it can
be synthesized by hydroxylation of phenylalanine. Therefore, tyrosine must only be consumed if
insufficient phenylalanine is consumed or if the conversion of phenylalanine to tyrosine is
deficient, such as in patients suffering from phenylketonuria [215]. These amino acids are
transported into the CNS through the BBB, which occurs via the same transporters (and thus in
competition) with other amino acids, such as the branched chain amino acids (BCAAs) [80,106,216].
Notably, unlike the other aromatic amino acids, histidine is also transported by system N (prefers
amino acids with nitrogen in the side chain), which also transports asparagine and glutamine [80].
To our knowledge, the main role of these amino acids in neurotransmission is as precursors for the

synthesis of key neurotransmitters.
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Tryptophan is converted into 5-HT through a two-step synthesis catalyzed first by
tryptophan hydroxylase as the rate-limiting step followed by 5-HTP decarboxylase [217]. Under
normal conditions, tryptophan hydroxylase is not saturated by tryptophan, thus changes to
tryptophan levels in the brain, such as those caused by dietary changes, can affect the rate of 5-HT
synthesis and release [217]. Indeed, the (highly variable) effects of tryptophan levels on mood
(which is well-known to be modulated by 5-HT) have been extensively studied (for a recent
review, see Jenkins et al. [218]). Furthermore, patients with hypertryptophanemia have presented
with neurological deficits such as mood swings, reduced 1Qs and impaired memory [219]. The
kynurenine pathway, the other metabolic pathway for tryptophan, has been linked to the pipecolic
acid pathway for lysine metabolism on account of shared enzymes, and this connection has been
implicated in different neurological conditions (for a more thorough discussion, we refer readers
to Hallen et al. [124)).

Similarly, dopamine, norepinephrine and epinephrine are sequentially synthesized from
tyrosine (either taken up from diet or synthesized by phenylalanine hydroxylation) with the initial
step being rate-limiting and catalyzed by tyrosine hydroxylase [217,220]. The hydroxylation of
phenylalanine can also be catalyzed by tyrosine hydroxylase in the brain [221]. Acute phenylalanine
and tyrosine depletion has been used to temporarily reduce dopamine synthesis with some
demonstrated effects on mood and cognition [222-224]. Although these conditions can be controlled
by a combination of dietary restrictions and/or drugs, patients suffering from hypertyrosinemia or
phenylketonuria were found to have cognitive deficits relative to healthy controls [225,226].

Likewise, histidine decarboxylase converts histidine to histamine, a neurotransmitter most
known for its role in regulating sleep and wakefulness but is also involved in other important

functions like arousal, feeding, motivation and endocrine regulation (for a comprehensive review
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of histamine and its roles and actions in the nervous system, we refer readers to Haas et al. [227]).
Histidine decarboxylase is not saturated under normal conditions, and changes in plasma histidine
levels can lead to changes in brain histidine and histamine levels [228]. However, unlike with the
other aromatic amino acids where their acute depletion is an established paradigm for manipulating
neurotransmitter levels, there has been little investigation of the effects of histidine depletion on
cognition [229].
1.2.16 Branched chain amino acids

Isoleucine, leucine and valine have similar biochemical properties, and are collectively
referred to as the BCAAs. BCAAs are essential and must be transported into the CNS through the
BBB in competition with the aromatic and other large neutral amino acids [80,106,216].
Consequently, fluctuations in BCAA levels affect the synthesis and concentrations of these
aromatic amino acid-derived neurotransmitters, indirectly modulating the synthesis and release of
these neurotransmitters [215,217]. For example, rats on diets supplemented with BCAA exhibited
anxiety-like behaviors that can be reversed by tryptophan supplementation [230]. This relationship
between BCAAs and aromatic amino acid precursors have been explored as a possible avenue for
treatment of serotonin or catecholamine imbalance-related symptoms for different neurological
conditions such as phenylketonuria, bipolar disorders, and anorexia, with increased BCAA intake
leading to some improvements (reviewed by Fernstrom et al. in [215]). In healthy humans, there is
some debate regarding the use of BCAAs to combat central fatigue, where changes in levels of
serotonin and catecholamines in the CNS are believed to reduce muscle function and exercise
performance after prolonged exercise, with evidence both favouring and rejecting the benefits of
BCAAs (see the review by Meeusen et al. [231] for a discussion on the central fatigue hypothesis,
as well as the reviews by Fernstrom ef al. [215] and Newsholme et al. [232] for examples of studies

analyzing the benefits of BCAAs and their possible mechanisms).
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In the brain, BCAAs can also be converted into glutamate through branched chain amino
acid transaminases, replenishing the more commonly known glutamate-glutamine cycle [233].
LaNoue and colleagues [234] found that approximately 30% of de novo glutamate synthesis came
from transamination of BCAAs in the retina, and the ubiquity of the branched-chain
aminotransferase in the CNS suggests that BCAA transamination is a significant contributor to de
novo glutamate synthesis in the rest of the CNS as well [235]. High concentrations of BCAAs, such
as those found in patients with maple syrup urine disease, were found to be neurotoxic due to

increased excitotoxicity and oxidative stress [236-238].

1.3 Fluorescence imaging

Fluorescent probes generally consist of two components: a sensing domain that interacts
with the ligand and a fluorescent reporter domain that shows a change in fluorescence intensity
upon ligand binding. In this review, fluorescent sensors will first be categorized by their
component scaffolds’ type (i.e., synthetic dye-based, genetically encoded single fluorescent
protein (FP)-based, quantum dots (QDs)-based, nanotubes-based, or hybrids), consisting of single
or non-interacting fluorophores, followed by the last section focusing on Forster Resonance
Energy Transfer (FRET)-based sensors, which require transfers of energy between two
fluorophores, using these different scaffolds. Additionally, although there is an array of fluorescent
sensors available for visualizing amino acids, especially for synthetic dye-based sensors, we will
mostly confine our review to sensors that have been demonstrated in live cells with limited toxicity.

For the sake of this review, we will be summarizing the past work in the area and stating
the various sensors that have been reported. However, it is important to consider that not all of the
reported sensors provide the same degree of performance and some only possess small signal
changes that may render them impractical for many applications. In addition, the quality of the

reported data is also highly variable, with some sensor characterization data seeming to be of
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questionable quality [239-251]. More specifically, in the course of preparing this review, we found

that the data (such as the spectra, affinity titrations, or specificity tests) for some reported sensors

were not internally consistent within a single publication. With these sensors, the responses we

calculated from either provided spectra, the affinity titrations, or specificity tests do not agree with

each other. Consequently, we express some reservations concerning the performance of some of

these sensors because of the lack of internal consistencies within the data. Nevertheless, we

included these sensors to present a more complete portrait of the toolbox of available sensors. We

caution that researchers using these sensors perform their own validation and run experiments in

parallel with a non-responsive control construct.

Table 1-2 - Fluorescent indicators for amino acids.

Ligand Type Name Multiple Color AF/Frmin Response in Ref.
Variants? or vitro®
AR/Rmin

Glu Synthetic N,N-SP-BPY No Green AF/F min ~8.85¢ [244]
Genetically iGluSnFR Green AF/F min 4.5 [252]
encoded iGlurandiGlu, Yes 3.0 [253]
(GE) sf-iGluSnFR Blue to green 4.5 [254]
R-iGluSnFR Green and red 3.9 [255]
FRET (GE) FLIPE Yes Cyan/yellow AR/Ruin 0.27 [256]
SuperGluSnFR No 0.44 [20]
FLIP-cpGltI210 0.31 [257]
Hybrid EOS No Green AF/Fuin 0.37 [258]
EOS-K716A and Yes 0.48 [259]

EOS-L401C
eEOS No 24 [260]
Hybrid Snifit-iGIuRS No Green/farred  AR/Rmin 0.93 [261]

FRET

Asp Synthetic 8MPS No Green AF/Fin ~30° [262]
N,N-SP-BPY ~8.8b¢ [244]
FRET (GE) FLIP-cpGltI210 No Cyan/yellow AR/Ruin 0.31 [257]
Gln FRET (GE)  FLIP-cpGInH183 No Cyan/yellow AR/Ruin 0.13 [257]
FLIPQ Yes 0.26 [263]
EGFP.1o-GInBP- No Blue/green 0.89 [264]

N138CouA
Cys Synthetic Probe 1 Blue AF/F min 66 [265]
Probe 1 Blue ~120°¢ [266]
NCQ Blue/green ~4.7,3¢ [267]
Nap-Cys AR/Ruin 22 [268]
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TCS Cyan AF/Fuin 25b [245]
Probe 1 Green 130° [246]
GT-Cys AF/Fuin 110° [247]
NPCC 13 [269]
Gol-Cys 20 [270]
Ly-1 8.8 [271]
CyP ~33¢ [272]
Compound 1 ~9¢ [273]
BDY-NBD Green/NIR ~7400,9.8%%¢  [274]
hCy-A Green/red AR/Rimin ~&° [275]
PYR AR/Rinin 163 [276]
XCN Red AF/Fuin 1081 [277]
P-Cy 3 [248]
DCIP ~5be [249]
CyA NIR ~6.5¢ [278]
Cy-S-diOMe 250 [279]
NFL1 ~20° [280]
DDNA 31t [281]
CP-NIR 40 [282]
Mito-CP 12° [250]
DP-NIR 7.5% [251]
QDs T-CulnS; QDs No Red AF/F min 0.72 [283]
FRET (GE) Cys-FS Yes Cyan/yellow  AR/Ruin 0.42° [239]
FRET TP-Ratio-Cys No Blue/yellow 36 [284]
(Synthetic) Probe 1 No Blue/green 50 [285]
Met FRET (GE) FLIPM Yes Cyan/yellow AR/Rmin 0.42b [243]
YFP-MetQ- Blue/yellow 1.7 [286]
R189CouA
GABA GE iGABASnFR Yes Green AF/F min 4.5 [287]
Hybrid Pf622.V278C- No Red AF/Fin ~0.7 [287]
JF585
GABA-Snifit Yes Green/farred  AR/Rmin 0.8 [288]
Lys FRET (GE) ECFP-cpLAO- Yes Cyan/yellow AR/Ruin ~0.83 [289]
BP-Citrine
FLIPK ~0.265¢ [242]
Arg FRET (GE)  QBP/Citrine/ECF Yes Cyan/yellow AR/Rinin ~0.25 [290]
P
FLIP-cpArgT194 No 0.54 [257]
cpFLIPR 0.35 [142]
Gly FRET (GE) GlyFS No Cyan/yellow AR/Ruin 0.28 [291]
Thr QDs T-CulnS, QDs No Red AF/F min 0.37 [283]
Trp FRET (GE) FLIPW-CTYT No Cyan/yellow AR/Ruin 0.35 [292]
His Synthetic CAQA No Blue AF/Fin ~18° [293]
NPC Green AF/Fin 6 [294]
NCH-Cu?* Green 10¢ [295]
GE FHisJ Yes Yellow AF/Fin 5.2 [296]
QDs T-CulnS, QDs No Red AF/F min 0.46 [283]
Y-CDs Yellow 4.5 [297]
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FRET FLIP-cpHisJ194 No Cyan/yellow AR/Rmin 0.63 [257]

Ile FRET FLIP-cpLiv]261 Yes Cyan/yellow AR/Ruin 0.25 [257]

GEII Yes 0.44° [240]

OLIVe No 1.05 [298]

Leu FRET FLIP-cpLiv]261 Yes Cyan/yellow AR/Rmin 0.25 [257]
FLIP-Leu ~0.7° [241]

OLIVe No 1.05 [298]

Val FRET FLIP-cpLiv]261 No Cyan/yellow AR/Rinin 0.25 [257]
OLIVe ~0.9 [298]

2 For sensors with multiple variants, the maximum response is reported.
b These sensors show an apparent lack of internal consistency in the characterization data.

¢ Response was not explicitly reported or easily calculatable from an equation and was consequently estimated based
on the provided data.

d Response estimated using a non-zero minimum concentration of ligand in the linear range.
¢ Two fluorescent species with their own responses to cysteine.

fResponse calculated with maximum concentration for linear range, which is below the maximum tested concentration.

1.3.1 Synthetic dye-based indicators (excluding FRET-based sensors)

Synthetic dye-based indicators can be employed for the detection of amino acids. Generally
speaking, synthetic dye-based indicators can provide a convenient method for imaging the
concentration of their respective analytes, often showing large responses due to their turn on/off
nature and fast response kinetics, though many designs involve an irreversible reaction to detect
their target, and are not applicable to imaging dynamic reversible changes. Unlike simpler ions,
(such as metal cations, non-metal anions and small polyatomic ions), which have more readily
available synthetic sensors using a range of different recognition moieties (often referred to in the
literature as “synthetic receptors”) [299-302], amino acids have a common backbone and different
(yet typically quite flexible) side chains, which complicates efforts to design synthetic receptors
for amino acids with high specificity. This difficulty is because synthetic receptors require precise
spatial organization of small organic and inorganic molecule building blocks, which are not

significantly larger than amino acids, to form complexes with their targets. Thus, because of the
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limited availability of synthetic amino acid receptors, many of the available synthetic dye-based
sensors require a reaction to detect their targets, though significant strides have been made in recent
years in designing synthetic amino acid receptors [303]. In addition, synthetic dye-based indicators
may show poor photostability and be toxic to cells [304,305]. For a review of synthetic dyes and a
comparison with quantum dots, we refer readers to the review by Resch-Genger et al. [305].

Many previously reported efforts have focused on the synthesis of dyes for cysteine
detection, with at least 24 synthetic dye-based reported to function in detecting cysteine in the past
five years (Table 1-2) [245-251,265-282]. Of these, several can be targeted to the mitochondria
[250,276,279,280], the Golgi apparatus [247,270], the endoplasmic reticulum [268,269] and the
lysosome [271]. Five act as non-specific sensors, detecting cysteine and other molecules that
contain thiol groups or cysteine metabolites, with some using different wavelengths to distinguish
between the different ligands [246,265,267,274,277]. These synthetic sensors all require irreversible
reactions to detect cysteine, negatively affecting kinetics and requiring at least 5 minutes to an
hour for maximum fluorescence [245,247,248,250,265-280,282].

Outside of these cysteine- and thiol-sensitive dyes, three synthetic sensors, one based on
coumarin and the other two based on naphthalimide were published for the detection of histidine
in cells (Table 1-2) [293-295]. The first, CAQA, was reported to be specific but retained a
significant response to cysteine and other thiols present in cells; in this study, cells were treated
with a thiol scavenger to eliminate any interfering thiols [293]. The other two can reversibly detect
histidine, show emission wavelengths at similar ranges (~530 nm), but have different upper limits
of detection and localization patterns. NCH-Cu?", is reversible and shows good specific response
between zero to 5 uM as well as possible sublocalization to lysosomes [295]. On the other hand,

NPC, shows a linear response up to 16 uM and has been demonstrated to be applicable in HeLa
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cells and Caenorhabditis elegans [294]. However, NPC does show modest responses (<1-fold) to
other amino acids.

Finally, two synthetic sensors have been reported for aspartate. A green Cu?*-dependent
aspartate-sensing synthetic reporter, SMPS, was shown to detect exogenously added aspartate in
live MCF-7 cells and C. elegans but retained a significant response to other amino acids (Table
1-2) [262]. The second, N,N-SP-BPY, showed the largest fluorescent change towards aspartate and
glutamate, but also responds to other amino acids, especially cysteine [244]. 8MPS and the histidine
sensors require Cu?’ ions to quench the sensor’s fluorescence while the presence of histidine or
aspartate rescues the fluorescence. They suffer from the same limitations, as similar levels of
fluorescence may be observed with the presence of both Cu?* ions and the ligand of interest or
with neither present. Therefore, although they can image the presence of the amino acids,
measurement of real-time flux of each amino acid may be difficult. To our knowledge, these are

the current extant amino acid sensors capable of being used in live cell imaging.

1.3.2 Genetically encoded single FP-based indicators

Genetically encoded indicators are a popular class of indicators for neuronal imaging due
to their ease of delivery (i.e., plasmid transfection or packaged into viruses) and the specificity of
their targeting (e.g., expression in different organelles or in a specific subset of cells). These
indicators consist of a ligand binding protein, usually a periplasmic binding protein (PBP) or a
GPCR, as the sensing domain and a FP as the reporter domain such that binding of the ligand by
the sensing domain induces a change in the chromophore’s environment, causing a change in
fluorescent intensity. Unlike synthetic dye-based amino acid indicators, which often required the
synthesis of a recognition moiety, genetically encoded indicators often capitalize on naturally
occurring proteins that have evolved to have specificity and affinity for binding their target. The

first single FP-based indicator for an amino acid was iGluSnFR, a glutamate indicator that used a
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glutamate/aspartate binding protein from Escherichia coli and green FP (GFP) (Table 1-2) [252].
Though it showed a greater response to L-glutamate, it retained a smaller response to L-aspartate
with comparable affinity. Since then, a functionally brighter variant as well as different chromatic
variants, ranging from blue to red, have also been reported [254,255]. Further engineering of
1GluSnFR also led to different variants with faster kinetics or greater sensitivity [253,254].

Single FP-based indicators have also been developed for GABA and histidine (Table 1-2).
The iIGABASNFR series utilized a GABA-binding protein from Pseudomonas fluorescens and had
different variants possessing a range of affinities and dynamic ranges [287]. iIGABASnFR was also
shown to have low affinity for glycine, alanine and histidine. Its uses in mice models and zebra
fish for detecting concentration changes in GABA were also demonstrated. Notably, however, its
use for imaging GABA events longer than 1 s in duration may be limited as it undergoes a second
fluorescence change after 1 s.

On the other hand, the yellow histidine indicator, FHisJ, used the HisJ binding protein from
E. coli showed a 520% increase in the fluorescence excitation ratio at 420 and 485 nm (Ra4gs/420)
when histidine is added [296]. FHisJ has a high affinity for histidine but does show a three-fold
increase in Rugs/ao0 in response to 100 mM L-arginine. The authors also expressed FHisJ in the
cytosol and the mitochondrial matrix of HeLa cells, where they used FHisJ to estimate the histidine

concentration (~159 and 77 uM, respectively) and to study histidine transport into cells.

1.3.3 Nanostructures (excluding FRET-based sensors)
1.3.3.1 Quantum dots

QDs are semiconductor nanoparticles with optical and chemical properties that are
influenced by their size. They are attractive for biological investigations because of their
brightness, narrow (and tunable) emission profiles (which facilitates multiplex imaging), high

photochemical and thermal stability, resistance to photobleaching and long fluorescence lifetimes
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[305]. However, QDs are limited by possible toxicity depending on their composition (especially
cadmium-based QDs [306]), challenges associated with their delivery for intracellular applications,
and their tendency to blink (intermittent periods of no observable emission) [305]. We refer readers
to the review by Resch-Genger [305] for a discussion of their properties as well as a thorough
comparison of quantum dots against synthetic dyes.

A red sensor using copper indium sulfide (CulnS;)-based QDs functionalized with tyrosine
was reported as a sensor for cysteine, glutathione, histidine and threonine (Table 1-2) [283]. For
this sensor, the addition of copper (II) ions quenches the fluorescence, which can then be restored
by the addition of the ligands. However, this sensor appears to also respond to aspartate and
tryptophan and its use has not been demonstrated in living cells. Another sensor, using bright
yellow carbon dots functionalized with o-phenylenediamine and GABA, has also been reported to
detect histidine specifically (Table 1-2) [297]; however, similar to the CulnS;-based sensor [283],
this sensor requires the addition of a fluoroginolone to first quench the fluorescence before
recovery with histidine [297]. Testing of these carbon dots in human hepatoma cells showed good
intracellular uptake with minimal cytotoxicity, suggesting that they may be used to image

intracellular histidine dynamics in living cells.

1.3.3.2 Carbon nanotubes

Carbon nanotubes are semi-conducting hollow tubes of graphene that are categorized based
on their thickness as either single-walled carbon nanotubes (SWCNTs), consisting of one layer of
graphite (and are thus an allotrope of carbon), or multi-walled carbon nanotubes (MWCNTs).
Although their lengths may vary, carbon nanotubes have a diameter ranging from one to several
nm. Carbon nanotubes are a promising scaffold for building biosensors because of their unique
physical and chemical properties (for thorough discussions on carbon nanotubes, we refer readers

to the reviews by Liu et al. [307], Kruss ef al. [308], and Yang et al. [309]). From a fluorescence
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imaging perspective, SWCNTs are of particular interest because they possess tunable near-infrared
(NIR) emission profiles [310]. The emission profile of these carbon nanotubes is preferable to that
of most other sensors using different building blocks as light in this region allows for greater
penetration [311,312]. Carbon nanotubes can be functionalized by coating them with biomolecules,
forming a “corona”, to tweak their properties, such as in order to confer specificity towards a target
analyte or increase solubility. This strategy has been employed, using DNA or RNA for the corona,
to engineer SWCNTs for the detection of catecholamines, a class of key neurotransmitters [313-
315]. Although carbon nanotube-based fluorescent sensors, to our knowledge, do not yet exist for
amino acids, the successful development of sensors for catecholamines, which are derived from
amino acids, bode well for the development of carbon nanotube-based fluorescent sensors for

amino acids.

1.3.4 Hybrid strategies (excluding FRET-based sensors)

Hybrid sensors for amino acids incorporate a genetically encoded component for sensing
the amino acid and a synthetic fluorophore as the reporter. This approach combines the advantages
of proteins’ specificity for their ligands with the brightness of some synthetic dyes but requires the
delivery of a dye in the system. Additionally, hybrid sensors are, by design, modular since the
synthetic dyes can be replaced; however, in reality, replacing the dye may affect the sensor’s
properties, such as dynamic range, kinetics and stability.

The first hybrid sensor that was demonstrated in cells was for glutamate, dubbed glutamate
(E) Optical Sensor (EOS), and utilized the S1S2 glutamate binding domain of the GluR2 subunit
of AMPA receptors with a cysteine mutation engineered for attaching an environmentally-
sensitive fluorophore (Table 1-2) [258]. The first-generation EOS showed a modest response
(AF/Fuin=0.20) on the cell surface but was sufficient for mapping synaptically-released glutamate

in hippocampal cultures. Two improved EOS variants with improved dynamic ranges were then
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shown to be used in slices and in vivo [259]. However, tethering of all these EOS variants required
the unspecific labelling of EOS and cells with biotin by chemical reagents. In 2014, a high
throughput development system was used to engineer enhanced EOS (eEOS) which showed a
AF/Fminof 5 (better than iGluSnFR [252]) on the surface of cultured neurons [260]. In this work, the
unspecific biotinylation of the cell surface was avoided by conjugating eEOS to biotinylated
BoNT/C-Hc, a domain of a neurotoxin that binds to gangliosides on neuronal surfaces. Lastly, a
hybrid GABA sensor using the same binding domain as iGABASnFR showed a AF/Fmin of ~0.7
(Table 1-2) [287].
1.3.5 FRET-based sensors

FRET-based sensors require a donor fluorophore that, upon excitation, transfers its energy
to an acceptor fluorophore without emission of a photon. The efficiency of this transfer, known as
the FRET efficiency, is dependent on the distance and orientation of the fluorophores as well as
the spectral overlap between the emission spectrum of the donor and the absorption spectrum of
the acceptor. Ligand binding induces a change in the distance and orientation of the fluorophores,
causing a change in the ratios of fluorescence intensities of both donor and acceptor fluorophores.
The presence of two fluorophores is both advantageous and disadvantageous. The 1:1 ratio of
donor and acceptor fluorophores can be advantageous because it ideally reduces any changes
caused by differences in expression and allows for quantification, although the addition of a second
colour channel has been shown to increase noise if the two fluorophores are not evenly matched
[316]. However, the necessity for two fluorophores also poses a disadvantage since the two
fluorophores consume more spectral bandwidth, limiting the possibilities for multicolour imaging
and/or use of optogenetic actuators.

Most FRET-based sensors for amino acids are genetically encoded sensors that utilize

PBPs from bacteria as the ligand binding domain with cyan variants of GFP as the donor and
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yellow variants as the acceptor. Genetically encoded FRET sensors for cysteine [239], glutamate
[20,256], glycine [291], histidine [257], isoleucine [240], lysine [242,289], leucine [241], methionine
[243], glutamine [263], arginine [142,257,290], and tryptophan [292] have been reported (Table 1-2).
Of these, the first arginine sensor [290] is unique as it uses the glutamine binding protein from E.
coli as its recognition motif, while the glycine indicator, GlyFS [291], utilized a binding domain
that originally bound GABA, proline and alanine and was engineered to bind glycine. The latest
arginine sensor utilized an arginine-binding protein identified from ancestral protein
reconstruction [142]. Additionally, FRET sensors that recognize multiple ligands have also been
reported, such as one for lysine and arginine [257], aspartate and glutamate [257], and BCAAs
[257,298]. FRET sensors that use L-(7-hydroxycoumarin-4-yl)ethylglycine, an unnatural fluorescent
amino acid, for glutamine and methionine have also been reported [264,286]. Beyond genetically
encoded sensors, two irreversible FRET-based synthetic probes selective for cysteine with
applications in mammalian cells are also recently available (Table 1-2) [284,285].

Snifits (SNAP-tag based indicator proteins with a fluorescent intramolecular tether), are
hybrid FRET-based sensors for glutamate and GABA (Table 1-2) [261,288]. Snifits consist of a
receptor protein fused to both SNAP and CLIP tags, which are two orthogonal tags that can be
used for the attachment of FRET-capable fluorophores, that is also tethered to a competitive
antagonist. Displacement of the competitive antagonist induces a change in FRET efficiency,
which can then be quantified. The glutamate sensor, called Snifit-iGluR5 for the glutamate
receptor used as the binding protein, showed a decrease in FRET efficiency upon glutamate
binding (AR/Rmin = 0.9 for the purified sensor and 0.6 on the surface of HEK293T cells) [261]. On
the other hand, GABA-Snifit is based on the metabotropic GABAR receptor with a decrease in

FRET efficiency for a AR/Rmin 0f 0.8, while a variant with a GB1/2 chimera instead of the GABABg
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receptor, which could bind ligands but not interact with G proteins, showed AR/Rmin of 0.4 with

reduced affinity [288].

1.4 Conclusions

Amino acids have specific, but interconnected, roles for proper neurotransmission (Table
1-1). Beyond their role in protein synthesis, many of the proteinogenic amino acids possess
neuromodulatory effects while others act as essential precursors to neurotransmitters without
which deficiencies in neurotransmission will result. Additionally, due to the shared nature of the
amino acid transport systems, perturbations in the levels of some essential amino acids may affect
others. Despite the significant strides made in understanding neurotransmission over the last
several decades, there is much more that needs to be clarified, especially with respect to the roles
amino acids have in neurotransmission. Indeed, several amino acids, including some D-amino
acids, are known to have neurotransmitter-like effects, yet key mechanistic questions about their
release — and their neurological relevance — remain unanswered.

Fluorescence imaging is a powerful technique that has the potential to answer many of
these unresolved questions and advance our understanding of neurotransmission. However, its
potential is handicapped by the limited availability and performance of sensors for amino acids.
Out of the 22 amino acids reviewed here, sensors whose use has been demonstrated in living cells
have only been reported for 14 amino acids (Table 1-2). Our survey of available fluorescent probes
for amino acids revealed that most synthetic dye-based sensors are for cysteine and other biological
thiols, taking advantage of the unique nucleophilicity of thiols. Similarly, despite the advantages
they offer, there is a limited number of QD-based sensors. None are carbon nanotube-based, but
given the platform’s infancy, we believe that carbon nanotube-based sensors for amino acids
would be forthcoming. On the other hand, sensors which utilized amino acid binding proteins have

been reported for 13 amino acids (only threonine, of the 14 amino acids with published sensors,
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did not have an amino acid binding protein-based sensor; Table 1-2), suggesting that strategies
that incorporate an amino acid binding protein as the recognition motif might provide the fastest
route for sensors. Although existing sensors with genetically encoded recognition motifs have
generally relied on known periplasmic binding proteins, recent advancements in utilizing GPCRs
as a scaffold [317] and protein engineering for engineering specificity for new ligands [318] should
facilitate the engineering of new and better biosensors for amino acids.

Ultimately, however, the most effective strategy would be through the collaborative efforts
of tool developers, using a combination of materials and strategies, and researchers who intend to
use these tools for their investigations. Open feedback loops between developers and users will
maximize the impact of tool development efforts and lead to further advancements in our

understanding of neurotransmission.

1.5 Thesis scope

In this thesis, we report our work in expanding the toolbox of FP-based indicators for
imaging neurotransmission using a combination of directed evolution and rational design. We
hypothesize that our new indicators will prove useful for neuroscientists interested in investigating
the dynamics of these analytes within the nervous system.

Beyond the commonly recognized amino acid neurotransmitters, amino acids play an
underappreciated role in neurotransmission with limited tools for their study. In Chapters 2 and 3,
we describe our efforts to address this limitation by engineering single FP-based indicators for
aspartate and glutamine, respectively. In these efforts, we depended on analyses of protein
structures, coupled with saturation mutagenesis, throughout the whole engineering process, from
identification of promising scaffolds to choosing insertion points to shaping their affinities. By

carefully designing and screening mutant libraries to compensate for a more laborious screening
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protocol, variants with desirable properties (e.g., dynamic range, affinities, brightness) were
identified, leading to functional indicators for aspartate and glutamine.

Though protein engineering has made great strides in engineering indicators for imaging
Ca?" dynamics in neurons, better versions of existing indicators — or new indicators fulfilling a
particular need — remain in demand. Chapters 4 and 5 detail my work in engineering new variants
of Ca*" indicators using directed evolution and a well-established design. In Chapter 4, I discuss
my work updating an existing indicator with one of the brightest red FPs (RFPs) available in an
effort to engineer a brighter and better Ca** indicator. In Chapter 5, we report on our work to fill a
gap in the palette of available Ca?" indicators by engineering the first far-red Ca** indicators using
the recently published mKelly2. Finally, the last chapter offers a summary of this thesis and
discusses possible future directions.

Before proceeding further, however, a brief discussion of the terminologies, especially with
respect to the in vitro performance metrics with which we evaluated sensors described in this
thesis, is warranted. For most of the screening process, the main criteria used to evaluate variants
is sensitivity, which is defined as the change in fluorescence signal over a specific change in ligand
concentration (i.e., AF/Fp). When measured from a ligand-free state to a saturating concentration,
sensitivity may also be referred to as the sensor’s dynamic range. Notably, this use of “dynamic
range” is different from the conventional definition used by chemistry. In this thesis, dynamic
ranges obtained from screening or with purified protein in vitro are reported in two notations,
AF/Finot Fsa/Fapo. For direct (or positive) response sensors (i.e., the fluorescence signal increases
upon ligand binding), Fyix 1s interchangeable with Fp, while Fuax is synonymous to Fi., and the
two notations are related as follows:

AF _ Fmax (07" Fsat) - Fmin(or Fapo) _ Fmax

= -1
Fmin Fmin (OT' Fapo) Fmin
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Conversely, for inverse response sensors (i.e., the fluorescence signal decreases upon ligand
binding), Fyi» would be equivalent to Fy. and Fuax would be Fipo. Indicators were also evaluated
for their affinities and specificities for their ligands. Affinities are reported as dissociation
constants (Kq) which are measured by titrating samples with different ligand concentrations and

fitting the data to the Hill equation:

o [L]™
Ky + [L]ms

6
Where L refers to the ligand and ny is the Hill coefficient, which is a measure of ligand binding
cooperativity. @ is the fractional saturation, which is the ligand-bound fraction of the indicator

population that is therefore unable to contribute to ligand detection, and is defined as follows for

fluorescence:

9 = F_Fmin

Fnax = Fmin
In addition to its use for evaluating affinity, the same equations and experiment can be used to
evaluate an indicator’s acid sensitivity using H" as the ligand. In this case, the “dissociation
constant” is reported as the pKa, which is the pH at which the indicator retains 50% of its
fluorescence signal. Related to affinity, the kinetics of an indicator describes how fast ligand
binding (and unbinding) events are converted to fluorescence changes, with higher affinity
indicators often accompanied with slower kinetics. Specificity refers to the indicator’s ability to
respond only to the ligand of interest, with highly specific indicators only responding to the
ligand of interest and non-specific indicators responding to multiple ligands. Specificity is
affected by both sensitivity and affinity; an indicator that responds to multiple ligands may still
be useful if the other ligands are present in concentrations that do not induce fluorescence

changes. Finally, an indicator’s brightness (i.e., how strong the fluorescence signal is) must also
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be considered. Strictly speaking, brightness (or “molecular brightness™) is defined as the product
of the extinction coefficient, which is a measure of how strongly the chromophore absorbs light,
and quantum yield, which is a measure of how efficiently absorbed photons are converted into
fluorescence. However, brightness may also be affected by the indicator’s expression level.

When expression levels are considered, we refer to this property as “functional brightness” or

“apparent brightness”.
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2 Chapter 2 — A green aspartate indicator based on a new
scaffold

2.1 Introduction

Aspartate (or aspartic acid in the protonated form) is a proteinogenic amino acid that was
first discovered in 1827 [319]. Beyond its role as one of the 20 common amino acids of which
proteins are composed, L-aspartate was first reported to excite neurons in the early 1960s [3-5]. It
has since been generally considered as a secondary excitatory neurotransmitter in the nervous
system with evidence suggesting that aspartate and glutamate, the main excitatory
neurotransmitter, may be co-released in some synapses [22,23,27,30]. Indeed, there is evidence to
suggest that aspartate levels in the spinal cord are significantly reduced in patients with
amyotrophic lateral sclerosis (ALS) [320]. However, aspartate’s status as a neurotransmitter has
recently been called into question as a specific mechanism for how aspartate modulates neuronal
circuitry and affects cognition, as well as the mechanism for its packaging into vesicles for release
upon neuron activation (a criterion required for classical neurotransmitters) remain unclear [35,36].
Furthermore, in 2015, a study by Herring et al. [25] reported that the amount of L-aspartate found
in excitatory synapses of the hippocampus is insufficient to activate NMDA receptors, the only
known receptor for L-aspartate.

To help resolve this controversy, a specific tool for imaging aspartate dynamics would be
highly useful for understanding the role of aspartate in the nervous system. Specifically, imaging
studies with a specific aspartate indicator investigating the reported co-release of aspartate and
glutamate or the presence of aspartate in synaptic vesicles and identification of any possible
transporters would help resolve the controversy surrounding aspartate. Genetically encoded FP-
based indicators have emerged as powerful tools for studying neuronal circuits due to their

specificity, ease of targeting, and high spatiotemporal resolution. While indicators that can detect
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neuronal activation are aplenty (for a recent review, see Shen ef al. [317]), a specific indicator for
aspartate has not yet been reported. To address this shortage, we have engineered a green aspartate
indicator from the aspartate/glutamate binding domain, PEB1a, of Campylobacter jejuni [321].

2.2 Materials and Methods

2.2.1 General
Synthetic DNA oligonucleotides and double-stranded DNA fragments (gBlocks) were

purchased from Integrated DNA Technologies. High fidelity polymerase chain reactions (PCRs)
were performed using several different polymerases: CloneAmp HiFi PCR Premix from Takara
Bio USA, Inc., Q5 polymerase from New England BioLabs, and Platinum SuperFi DNA
Polymerase and Platinum SuperFi II DNA Polymerase from Thermo Fisher Scientific. Each
polymerase was used according to the manufacturer’s instructions. Recombinant Taq polymerase
was purchased from Thermo Fisher Scientific. PCR products were purified by preparative agarose
gel electrophoresis and extracted with the GeneJET Gel Extraction Kit from Thermo Fisher
Scientific. Restriction enzymes and T4 DNA ligase were purchased from Thermo Fisher Scientific
and used according to the manufacturer’s recommended protocols. Digested PCR products were
extracted with the GeneJET Gel Extraction Kit before ligation. In-Fusion HD was purchased from
Takara Bio USA, Inc. and used for assembly reactions. Plasmid DNA extractions were performed
with GeneJET Plasmid Miniprep Kits (Thermo Fisher Scientific). Ligands were obtained as solids
from Fisher, Alfa Aesar or Acros Organics with at least 98.5% purity or molecular biology grade.
Sanger sequencing reactions using BigDye sequencing kits (Thermo Fisher Scientific) were
performed by the Molecular Biology Services Unit at the University of Alberta. Fluorescence
measurements were performed on a Safire? plate reader (Tecan), while absorbance measurements
were collected on a DU-800 UV-Visible Spectrophotometer (Beckman). Protein structure images

were generated using UCSF Chimera 1.14 [322,323].
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2.2.2 Plasmid construction and evolution
2.2.2.1 Plasmid and library construction

General procedure for plasmid construction. Plasmids were constructed either through
traditional cloning (i.e., with restriction enzymes to generate sticky ends followed by ligation with
a ligase) or seamless homology-based assembly (i.e., In-Fusion). For traditional cloning, the vector
backbone and double-stranded DNA fragments (either purified PCR product or gBlocks) were
digested with two restriction enzymes before ligation with T4 DNA ligase. For assembly, double-
stranded DNA, sharing at least 15-bp overlap with the linearized vector backbone in both 5* and
3’ ends, is incubated with vector backbone linearized by amplification or restriction enzymes and
In-Fusion enzyme mix. Following completion of the ligation or assembly, the reaction was used
to transform electrocompetent E. coli strain DH10B (Invitrogen) and cultured overnight on agar
plates of lysogeny broth (LB) prepared using Lennox’s formula with the appropriate antibiotics
and inducer at 37 °C. Plasmids were then isolated from single colonies grown overnight in liquid
LB cultures with the appropriate antibiotics and inducer at 37 °C. Sequences were confirmed by
Sanger sequencing.

Construction of library for insertion points in PEB1a. Double stranded DNA encoding
PEBla (codon optimized for mammalian expression based on the structure in the Protein Data
Bank (PDB ID: 2V25)) [321] was commercially synthesized with overlapping sequences with
pBAD/HisB (Thermo Fisher Scientific) in the 5 and 3’ directions to facilitate insertion between
the Xhol and HindIII sites. This fragment was then assembled into similarly digested pPBAD/HisB
vector, and grown as described above on agar plates supplemented with 400 pg/mL ampicillin
(Thermo Fisher Scientific) and 0.02% (w/v) L-arabinose (Alfa Aesar) and liquid cultures with 100

pg/mL ampicillin and 0.002% L-arabinose. This plasmid, called pBAD-PEBIa, served as the
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template in which circularly permutated (cp) superfolder GFP (cpsfGFP) [324] will be genetically
inserted.

To facilitate insertion of cpsfGFP, pBAD-PEBIla was linearized by high fidelity PCR
amplification with primers incorporating an overlap region with the gene encoding cpsfGFP and
whose 5’ end immediately following the overlap region start at codons that encode for residues
adjacent to the insertion site (e.g., for insertion between residues 65 and 66, the region of the
forward primer that binds pBAD-PEBIa starts at the codon encoding for residue 66 while the
region of the reverse primer that binds the template starts at the codon for residue 65). The cpsfGFP
DNA fragment was amplified from mammalian codon-optimized pBAD-sfGASP. Constructs were
assembled as described earlier and insertion of cpsfGFP was verified by diagnostic digestion using
Xhol and HindIIl. The complete list of primer sequences used for this library can be found in
Table A-1.

Construction of mutated libraries. For random mutagenesis libraries, the template was
amplified by error-prone PCR (EP-PCR) performed with Taq polymerase in the presence of 0.15
mM MnCl, and four-fold excess of dCTP and dTTP [325,326]. The purified PCR product was then
cloned into digested pBAD/HisB with In-Fusion. Libraries for site-directed mutagenesis at one
position (including deletions) were prepared with Platinum SuperFi II DNA Polymerase or
CloneAmp HiFi PCR Premix followed by Dpnl digestion. For simultaneous mutations at different
positions, the QuikChange Lightning Multi Site-Directed Mutagenesis kit (Agilent Technologies)
was used.

Plasmids for expression in mammalian cells. Plasmids for cytosolic expression (or
secretion) in mammalian cells were prepared by digesting the pPBAD/HisB plasmid carrying the

gene for the protein of interest and ligating the insert into a similarly digested version of

44



pcDNA3.1(+) (Invitrogen) modified to allow for direct subcloning of constructs from pBAD/HisB
(pcDNA3.1m). For membrane expression of constructs, the genes for the proteins of interest were
amplified by PCR and assembled into pMiniDisplay (pDisplay with the hemagglutinin tag
removed) [252].

Plasmids for variants with SpyTag003. pET28a-SpyTag003-mKate2 (Addgene
#133452) and pENTR4-T{R-sfGFP-myc tag-SpyCatcher003 (Addgene #133451) were kind gifts
from Mark Howarth [327]. The gene for mKate2 was replaced by genes encoding proteins of
interest (e.g., ODIN constructs and EGFP) by PCR amplification of the desired genes to append at
least 15 bp overlap with the pET28a-SpyTag003 vector as well as PCR amplification of the
pET28a-SpyTag003 vector prior to assembly by In-Fusion. Replacement of sfGFP with mApple
in the SpyCatcher003 construct was performed similarly. The SpyTagged constructs were then re-
inserted back into pBAD/HisB or a modified pBAD/HisB with the His-tag moved to the C-

terminus and the rest of the pPBAD leader sequence deleted (cHis-pBAD).

2.2.2.2 Library screening in E. coli

Assembled libraries and the plasmid encoding the round’s starting template were
transformed into DH10B and cultured overnight on LB agar plates supplemented with ampicillin
and L-arabinose at 37 °C. Bacteria carrying Gltl-based constructs were grown on plates
supplemented with 0.02% L-arabinose (called “high arabinose”), while bacteria expressing
PEBla-based constructs were grown on plates with 0.002% L-arabinose (“low arabinose”) after
the initial tests for insertion point optimization due to overexpression causing abnormal bacterial
growth. Colonies on the plate were then screened using a custom imaging system [328] to ensure
that variants subjected to the response-based screen were fluorescent. Single fluorescent colonies,
including three from the starting template as controls, were then cultured overnight at 37 °C in 4

mL LB media with ampicillin and high or low arabinose for Gltl-based or PEB1a-based constructs,
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respectively. Protein was then extracted from bacteria using B-PER (Thermo Fisher Scientific)
and batch-purified with Ni-NTA (G Biosciences). Briefly, after incubation with B-PER, the
supernatant was separated from the cell pellet and incubated with 50 uL of Ni-NTA resin for at
least 30 min. Following incubation, the beads were washed once with 700 uL of 1x PBS (10 mM
NaHPO4, 1.8 mM KH>PO4, 137 mM NacCl, 2.7 mM KCI, pH 7.4) with 20 mM imidazole and
adjusted to pH 8.0. Protein was eluted from the resin with the addition of 1x PBS supplemented
with 250 mM imidazole at pH 7.8. Beads were pelleted by centrifugation and the supernatant was
aspirated in between washes. The purified protein was then diluted into wells containing blank (30
mM 3-(N-morpholino)propanesulfonic acid (MOPS),100 mM KCl), L-aspartate (30 mM MOPS,
100 mM KCI, 10 mM L-aspartate), or L-glutamate (30 mM MOPS, 100 mM KCI, 10 mM L-
glutamate) buffers, corrected to pH 7.2. The fluorescence intensities for the proteins in each
solution were measured and the intensities for each ligand condition were compared to the
intensities from the blank buffer to yield the dynamic range. The ratio between the dynamic ranges
for L-aspartate and L-glutamate was calculated and used as a measure of specificity. From each
library, variants were designated as “winners” if they had a larger dynamic range and/or had better
specificity than the controls. The winning variants were then streaked out on LB agar plates and
re-tested in triplicate against the starting template. Plasmids were extracted and sequenced from
variants that showed consistent improvement in the retest compared to the controls, and the
extracted plasmids were used as template for the next round.

2.2.3 In vitro characterization

2.2.3.1 Protein expression and purification
Electrocompetent E. coli strain DH10B or BL21(DE3) (Thermo Fisher Scientific or New

England BioLabs) were transformed with pBAD/HisB or pET28a plasmids, respectively,

harbouring the gene for the required proteins, and grown on LB agar supplemented with the
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required antibiotics (400 pg/mL ampicillin or 50 pg/mL kanamycin) and inducers (0.02 or 0.002%
L-arabinose or 1 mM IPTG). Four millilitres of LB media with the necessary additives (e.g.,
0.0002% L-arabinose for PEB1la-based constructs) were inoculated with single bacteria colonies
and shaken overnight at 37 °C and 225 rpm. Each of the starter cultures was added to 500 mL of
LB with antibiotics, and the cultures were shaken at 37 °C for 3-4 h before the necessary inducers
were added. After induction, the temperatures were lowered to 30 °C for incubation. Bacteria
cultures carrying pBAD plasmids were induced with 0.02% L-arabinose (regardless of construct
identity) and shaken for at least 20 h. On the other hand, bacteria carrying pET28a plasmids were
shaken for at least 40 h, and an extra dose of kanamycin was added 24 h after inoculation. Bacteria
were then collected by centrifugation and resuspended in 1x PBS. After discovering that GASP
undergoes significant proteolysis, protease inhibitors (cOmplete™, EDTA-free Protease Inhibitor
Cocktail; Roche) were added according to the manufacturer’s protocol to minimize proteolysis.
Cells were lysed by sonication and then clarified by centrifugation. The cleared lysate was
incubated with Ni-NTA resin for at least 1 h with gentle mixing. The lysate-bead mixture was then
transferred to a propylene centrifuge column and washed with at least three packed column
volumes of wash buffer (1x PBS with 20 mM imidazole, pH 8.0) before elution with elution buffer
(1x PBS with 250 mM imidazole, pH 7.8). The purified protein was then concentrated and buffer
exchanged into 1x PBS (pH 7.4) using 10 kDa centrifugal filter units (Millipore). All steps of the

extraction and purification were carried out 4 °C or on ice.

2.2.3.2 Spectral characterization

Brightness is defined to be the product of the extinction coefficient (EC or €) and the
quantum yield (QY or ).
Determination of EC. ECs of sf~-GASP and ODIN variants were measured using the

previously established base denaturation method [329]. Briefly, for each variant, an equal volume
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of purified protein was diluted to 700 uL with blank, L-aspartate and L-glutamate buffers, as well
as NaOH. The absorption spectrum for each sample was collected, and the concentration of protein
present in each sample was derived from the denatured sample using Beer’s Law and assuming an
EC of 44,000 M! cm™ for the peak around 450 nm, which corresponds to the denatured GFP
chromophore [329,330]. The variant’s EC for each condition can then be calculated. Measurements
were performed in triplicate and the results were averaged.

Determination of QY. Quantum yields were measured according to previously described
protocols [328,331]. EGFP was used as the standard (QY = 0.67) [329]. From the samples used for
EC measurements, a dilution series for each sample were prepared with the corresponding buffers
such that the peak absorbance was equal to, or less than, 0.05. For each dilution series, the emission
spectra were collected from 480 to 650 nm with an excitation wavelength of 460 nm and the total
fluorescence intensity for each dilution was integrated. The total fluorescence intensities were then
plotted against the absorbance and the slope of each line (m) was calculated. QYs were calculated

according to the following equation:

_ mprotein
(pprotein = @standard X (1)
standard

2.2.3.3 Specificity and affinity measurements

Specificity measurements. The responses of aspartate indicator variants to possible
ligands were characterized by comparing the fluorescence intensity of purified protein diluted in
blank buffer supplemented with the ligand (4 mM or 10 mM) against the intensity recorded from
purified protein diluted in blank buffer alone at pH 7.2.

Ka determination. For ligands eliciting substantial responses, titrations with varying

concentrations of ligand were performed to measure the Kq. Buffers for the Ky titration were
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prepared by diluting the stock buffer with the blank buffer. The stock concentrations for L-
aspartate, L-glutamate and D-aspartate were 10 mM, 300 mM and 100 mM buffers, respectively.
Purified protein variants were diluted in these buffers and the fluorescence intensities of the protein
in each solution were measured in triplicate. The readings were plotted against the ligand
concentration on a logarithmic scale, and the data fitted to the following equation for the K4 [332].

Fmax - Fmin

F = Fpin + (2)

1 + 10%09kq=XnH
Where F is the normalized fluorescence and X is the log of the concentration of the ligand. The
Hill coefficient (nn) in equation 2 is constrained to 1 since there is only one ligand binding site and

no cooperative binding is expected.

2.2.3.4 pKameasurements

The pH buffers were prepared from a dual-buffer system of 30 mM citrate and sodium
borate with pH adjusted by the addition of HCI or NaOH [331]. To determine the pKa, 1 puL of
purified protein were diluted in 98 pL of buffers with pH ranging from 3 to 11. One puL of 1x PBS
(pH 7.5) was added to wells for the apo condition, while 1 pL of either 1 M of ligand (dissolved
in 1x PBS and pH adjusted to 7.5) were added for the L-aspartate or L-glutamate conditions.
Measurements were performed in triplicate, and the readings were plotted against pH with the data

fitted to equation 2 with H" as the ligand as follows:

Fmax - Fmin
F'= Fnn + 1 + 10®Ka—pH)ny (3)

Similar to the affinity titration, the Hill coefficient is constrained to 1 since no cooperativity

is expected for the protonation of the chromophore.

2.2.3.5 Kinetics

Approximate kinetic measurements were performed by mixing purified protein

immediately before repeated spectra acquisition with the shortest possible intervals (~2 s) on a
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Tecan Safire? spectrophotometer. Measurements were repeated in triplicate, and the data were then

plotted for trends.

2.2.4 Imaging in mammalian cells

HeLa cells were plated on 35 mm glass bottom dishes until they reached ~50% confluency.
Transfections were performed by suspending 1 pg of plasmid DNA (for co-transfections 500 ng
of each plasmid were mixed together) and Turbofect (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The transfection solution was then either incubated with cells in
complete media (Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM GlutaMax (Invitrogen), and streptomycin-penicillin) overnight or
incubated with cells in serum-free media (complete media without FBS) for 2 to 4 hat 37 °C. Cells
were left to incubate for at least 20 h before imaging. Prior to imaging, cells were washed with
twice with HEPES-buffered Hanks’ Balanced Salt Solution (HHBSS) prior to replacement of the
media with HHBSS. Imaging was performed on an inverted Zeiss 200M microscope equipped
with 470/40 nm excitation and 525/50 emission filters for the green channel and 535/50 nm and
609/57 nm for the excitation and emission, respectively, for the red channel and OrcaFlash 4.0 —
C13440 (Hamamatsu) at 40% or 63x magnification. Imaging analyses were performed with
Imagel.

For SpyTagged constructs, pENTR4-TfR-mApple-myc tag-SpyCatcher003 was
transfected in cells as described above to express SpyCatcher003. To minimize protein
degradation, SpyTagged proteins were purified as described above the day before imaging. After
concentration and removal of the imidazole, the concentration of each protein stock was measured
using the same protocol used for determining the EC. After incubation of the cells post-transfection
and immediately prior to imaging, protein, with a final concentration of 10 uM, was incubated

with the cells for 10 minutes at room temperature. Cells were then washed twice with HHBSS and
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the media replaced with HHBSS for imaging. Expression of mApple-SpyCatcher003 and tethering
of ODIN1 were confirmed by imaging in both green and red channels prior to testing the dynamic
range in cells. For time-lapse imaging to measure their responses to ligand, images were only
captured in the green channel.
2.2.5 Statistical analysis

Statistical analyses were performed as described in the results. All statistical analyses were
conducted using Prism8 (GraphPad, La Jolla, CA).

2.3 Results and discussion

2.3.1 Protein engineering
2.3.1.1 Engineering an aspartate-specific variant of iGIluSnFR

Our first strategy for engineering an aspartate indicator relied on a previously published
indicator for glutamate, iGluSnFR [252]. This indicator utilized the glutamate/aspartate periplasmic
binding protein (Gltl) from E. coli, and though it had a larger response for glutamate (Fsay/Fapo =
5.5), it also retained good response to aspartate with a Fsay/Fapo ~ 3 with similar affinities (Kq = 107
+ 9 uM for glutamate and 145 + 18 uM for aspartate). Thus, we reasoned that mutations introduced
in the binding pocket of GltI could yield a variant with a strong response to aspartate and minimal
response to glutamate. We studied the interactions between GItI and the ligand and targeted the
residues interacting with the side-chain carboxylic acid: Arg24, Ser72, Ser90, and His164 (Figure

2-1A and B).
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Ligands Tested

Figure 2-1 — Structure of Gltl, the binding protein used for iGIUSNFR, and iGIuSNFR’s
response profile.

A) Two-dimensional representation generated by LigPlot+ for the binding pocket of Giltl
with the ligand (glutamate) in the center (dark brown bonds) and the interacting residues
from Giltl. Green dashed bonds indicate hydrogen bonding with numbers indicating
distance in angstroms (A). Hydrophobic interactions with specific residues are indicated by
red half-circles with projections around the residue labels. B) Structure of Gltl (purple)
showing the positions of the targeted residues with the glutamate ligand in yellow. Green
residues indicate a successful mutation at that position, while blue and orange residues
indicate targeted residues without successful mutations. Ser72 is colored orange for
identification. Left image shows the full structure of Gltl, while the right image shows a
close-up of the binding pocket (region bounded by black box). C) Response profile of

pPBAD-iGIuSnFR. Data presented as mean + SD (n = 3, independent).
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For screening in E. coli, we first amplified iGluSnFR using primers containing Xiol and
HindlIlII restriction sites to generate fragments that can be inserted in pPBAD/HisB vector using
traditional cloning methods, and used the resulting plasmid, pBAD-iGluSnFR, as the template for
future libraries (Figure 2-2A). In our hands, iGluSnFR had a Fsa/Fapo of ~6 (6.29 + 0.16; n = 3)
and ~4 (4.35 £ 0.34; n =3) for L-glutamate and L-aspartate, respectively. Randomization libraries
were generated with the NNK codon (N = any base, K = G or T; encodes for all 20 amino acids
with 32 codons and reduces the number of possible STOP codons) at the targeted position, while
codons used to introduce specific mutations were chosen to be the most balanced for expression
in both E. coli and mammalian cells. In addition to individual mutagenesis at each position, we
also generated libraries with two positions simultaneously mutated. Simultaneous mutations were
limited to two residues at a time to keep library sizes manageable. We screened libraries by picking
fluorescent colonies from a plate and culturing them overnight in liquid media before extracting
and purifying the proteins with Ni-NTA. Though purification by Ni-NTA severely limited our
screening throughput, we found that the combined glutamate present in the media and from the
extraction due to high cytosolic concentration of glutamate was enough to interfere with our
measurements [333]. To increase the probability of encountering specific mutations of interest
(either individually or in combination), we ran separate site-directed mutagenesis reactions with

primers carrying the desired mutations and screened the resulting libraries.
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Figure 2-2 — Engineering sfGASP.

A) Schematic representation of sSfGASP engineering. Residues at both linker interfaces are
shown above the schematic representations, and colored according to their classification
(i.e., pink residues are part of the Gltl domain, grey residues are considered the linker, and
green residues are considered part of the cpFP). The gatepost residues are represented
by the pink and navy circles. Mutations introduced into the Gltl binding domain are
indicated by the black lines with the specific mutations indicated above the line. Schematic
is not drawn to scale. B) Ligand-induced fluorescence response test for sfGASP purified at
different time points under the same conditions. Ligands are indicated by the x-axis, and
the response, Fe/Fapo, plotted on the y-axis. Significant differences between groups are
indicated above the bars (***, p < 0.0001; ***, 0.0001 < p < 0.001; **, 0.001 < p < 0.01; ¥,
0.01 < p < 0.05). All values are reported as mean + SD, with individual values

superimposed (n = 3, independent).
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The evolution of our aspartate indicator based on iGluSnFR is illustrated in Figure 2-2A.
The first mutation, Alal78Val, was a serendipitous off-target mutation identified from one of the
site-directed mutagenesis libraries and reduced the dynamic range upon binding to glutamate
without affecting aspartate. From site-directed mutagenesis of key binding site residues and linker
optimization, we identified other mutations (Arg24Val, Ser72Ala, and Val253Cys) that, in
conjunction with Alal78Val, yielded a variant that has a stronger response to aspartate than
glutamate, which we named GASP (Green Aspartate Sensing Protein). However, while we were
successful in engineering a variant with a shifted response profile, GASP remained quite dim.
Soon after we finished engineering GASP, a report describing a variant of iGluSnFR that
incorporated superfolder GFP and exhibited better expression (i.e., it was functionally brighter
when expressed in cells) was published [254,324]. Thus, we replaced the GFP domain of GASP
with superfolder GFP to yield a variant we called sftGASP.

Our initial efforts to characterize sftGASP revealed problems that our screening did not
account for. We performed repeated measures two-way ANOV A analysis on the response profiles
of sfGASP samples purified at four different points over an extended period of time (Figure 2-2B)
using batch (for time) and ligand as the main factors. Two-way ANOVA revealed a significant
main effect for ligand (p = 0.0004), as well as a significant interaction effect between batch and
ligand (p = 0.0012). A main effect for batch approached, but did not reach, significance (p =
0.069). Post-hoc analysis for simple effects within batches by Sidak’s multiple comparisons test
showed significant differences between Batch D and Batch A (p = 0.007), Batch B (p = 0.002),
and Batch C (p < 0.0001) in their response to aspartate. However, no significant differences were
found in the glutamate condition. Comparing each batch’s response to the ligands, Sidak’s multiple

comparisons test revealed significant differences in Batch A (p = 0.04) and Batch D (p = 0.0002).
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While the main effects for ligand were expected and desirable, the analysis revealed that there is
significant variability in indicator performance across batches with respect to their responses to
the ligands, as well as significant differences within the batches’ response to the ligands.
Additionally, we observed that most of the expressed GASP and sfGASP proteins remained in the
insoluble pellet even after incubation with BPER, as judged by comparing the intensity of pellet
colour before and after incubation. On the other hand, while not all of the produced iGluSnFR was
extracted by B-PER in our current protocol, we still observe an appreciable change in pellet colour.
These results suggested that GASP variants are more prone to forming inclusion bodies when
expressed in bacteria. Taken together, these results indicated that, relative to 1GluSnFR, both
GASP variants have poor protein folding efficiency and stability, which, in turn, affects their
performance.

Directed evolution is a powerful technique that can be used to improve protein function,
folding, and stability [255,328,331,334,335]. Therefore, we subjected sfGASP to directed evolution
in an effort to address its issues and improve indicator performance. Specifically, we performed
EP-PCR with Taq polymerase on sfGASP to generate libraries of sfGASP mutants that could then
be screened for performance. We consider apparent brightness on a plate to be influenced by
folding efficiency, so we initially screened bacteria on plates to identify the brightest colonies that
we then cultured and tested. For each library, thousands of colonies were screened on plates, and
secondary testing was conducted until variants showed apparent improvements in at least one
property (e.g., brightness) were identified. Unfortunately, despite our efforts, we were unable to
identify variants demonstrating improved overall performance. Our most advanced variant, which
was the product of three iterative rounds of evolution, had comparable performance to the original

sfGASP.
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Because we were unable to improve the folding efficiency of sfGASP even after multiple
rounds of evolution, we sought to identify the underlying cause of the problem by analyzing the
changes we introduced relative to iGluSnFR (Figure 2-2A). Our last modification to iGluSnFR,
the replacement of cpGFP with cpsfGFP, had been independently shown to not have a detrimental
effect by Marvin et al. [254], and was therefore kept. Immediately preceding that would be the
introduction of the Val253Cys mutation. However, the variant without this mutation was also
observed to be trapped in inclusion bodies, suggesting that the issue was present before this
mutation was incorporated, although this did not eliminate the possibility of a synergistic effect
with the other mutations. Thus, we focussed our attention on the mutations introduced into GItI.
While we considered our first mutation, Alal78Val, to be a conservative mutation due to similar
biochemical properties, previous work [336] had shown that it can have detrimental consequences
for folding. However, a new screen of a library with that position randomized returned variants
favouring valine in that position.

The other two mutations, Arg24Val and Ser72Ala, introduced hydrophobic residues into a
highly charged binding pocket (Figure 2-1). Nevertheless, in the same report, Marvin et al. [332]
reported that a soluble variant with a decreased affinity for glutamate (K¢ = 200 uM) could be
engineered by mutation of Ser72 to alanine. Communications with the authors revealed that, in
their hands, the Ser72Ala variant has a stronger affinity for aspartate than glutamate. When we
incorporated this mutation into original iGluSnFR, we found that the dynamic ranges for aspartate
and glutamate were now similar (4.3 = 0.3 and 4.1 £ 0.6; p = 0.375, n = 4) according to the
Wilcoxon matched-pairs signed rank test, and more importantly, verified that the Ser72Ala variant
had comparable solubility with iGluSnFR. Thus, we turned our attention to Arg24Val. A search

through the literature revealed PEB1a, an aspartate/glutamate binding protein from C. jejuni that
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is homologous to GltI with a slightly stronger affinity for L-aspartate [321]. An alignment of their
sequences (Figure 2-3) showed that the residues interacting with glutamate and aspartate in GltI
and PEB1a, respectively, are largely conserved with three mutations: Arg24Lys, Ser90Thr, and
His164Tyr (numbered as residues in Gltl to PEB1a). We screened a library generated by multi-
site-directed-mutagenesis reaction with primers encoding for these mutations in an effort to
identify a variant with better performance. Instead, our results showed that variants that incorporate
some combination of these mutations either reverted their specificity back to glutamate or lost their
specificity altogether.

While we were successful in engineering an aspartate-specific variant from iGluSnFR, we
were unable to address the issues we encountered and optimize the sensor. Because of this and
having identified PEB1a (a homologue of GltI that already has a slight preference for aspartate) as

a promising alternative, we decided to explore PEB1a’s potential as a scaffold for a new indicator.

58



20

|
Gltl APAAG LDK TAKNGYINVG HRE PIF D KVVGY| 40
PEB1a - - - - - GKLE I KSKGHL|I VG <KNOVIPH L LDOA---TGEE|32

100%

N 18 8 T
60 v _ 80

o doofefabe Avkeiuxeo |_| I\/KLIPI |_ Fielodoe so

PEB1a I|KGFFEVDVAK iaksiiann kklikivavua |klireelidove 72

100% =

Consenatiof IONNAMANAN OO AAAM OAAH AnAAA AR o

! v 1(|J0 120
Gltl FDHE VERAKIOAA FYDTIFVY RLJL KGGO 1| 120
PEB1a VID V|| F | TIPERIKR]I FYEP DAl GLLVILKEK 112
100% o T -
C ti
ensenation. INLOOOOMAL. DRALENOAOA. EAOAAOAOE. AEHAEHAR60
V1A|fo 16|0
Gltl [KDFADLKGKA V| VLLNKLNE KMNMR | | SAK 160
PEB1a |K|5E LADMKGIA |GV A A KAIGEAAKK | GIDVKFSEFP 152
100%
C ti
et P 0 8 T
_ Y 20|0
Gltl QHGDSFRTLE ARIAVIAF MMD] DAUYLIAGERAK AKKPDNWOI V200
PEB1a D I KAALD AKRNMDJAF Dl KSIHLLGYVD- ----DKsHIL|187
100%
Conservation
SR O N N A
220 240

I I
Gltl GKP E G LRKDDPOF KKUMPDT]I Y GE AE|KWV 240
PEB1a PDSFIE G| | V[TKKDDPAF AKYIVPDFVKE HKNE-- | DAL 225

100%

Conservaior, nnOEAOAL L menm AN ool iRfnn ORAAEns

260

Gltl FOIWFKNPIP PKNLNMNFEL SDEMKALFKE PNDKALN 277
PEBla AKKWGLEEEE FEEEEEEEEE e EEeEee 231

100%

Consenation, M IMOAMAN ONANANNAAN OAOAAANAAN OAAAAAT

Figure 2-3 — Sequence alignment between Gitl and PEB1a.

Conserved residues between Gltl and PEB1a are indicated by the bar graph in the third
row, with 100% indicating conserved residues and 50% indicating different residues.
Residues are grouped and colored according to the polarity of their side chains. Boxes
highlight residues conserved for PEB1a, Gltl, PEB1 from Streptococcus thermopilus,
PA14_46910 (a Gltl homologue from Pseudomonas aeruginosa strain PA14), Gltl from

Acinetobacter sp. ADP1, GInH from £. coliK12, BztA from Rhodobacter capsulatus, and
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Aapd from Rhizobium leguminosarum. Blue boxes indicate partial conservation, and red
boxes indicate fully conserved aspartate residues. Black arrows show residues that make
contact to aspartate when bound by PEB1a. The red arrow indicates the insertion point for

cpGFP in iGIuSnFR. Figure was adapted from Mdller et al. [321].

2.3.1.2 Engineering ODIN
2.3.1.2.1 Initial engineering of ODIN

When engineering a FP-based indicator, the choices made regarding the ligand binding
domain and the insertion point of the FP are arguably the most critical factors that determine the
indicator’s success [332]. PEB1a, like GltI, is a member of the periplasmic binding protein (PBP)
family [321,337,338]. PBPs have a conserved structure where two domains, with the ligand binding
site at their interface and connected by a hinge region, can undergo a large reversible
conformational change upon ligand binding to produce both an “open” form in the ligand-free state
and “closed” form when the ligand is bound [338]. Genetically encoded indicators for specific
ligands can be — and have been — successfully engineered by inserting an FP into the PBP so that
ligand binding modulates the chromophore environment, producing reversible fluorescence
changes [252,318,332,339,340]. At the beginning of the engineering process, an insertion point must
be chosen such that the conformational change resulting from ligand binding induces as large of a
change as possible in the local chromophore environment without disrupting folding of both PBP
and FP [332,339].

Sequence alignment of Gltl and PEB1a showed that the analogous insertion point in PEB1a
does not exist (red triangle in Figure 2-3), necessitating a new insertion point. Because a ligand-
free structure of PEBla was unavailable, preventing us from comparing the open and closed
structures, we initially analyzed the structure of PEB1a (PDB: 2V25) using B-factors, which have

previously been used as a measure of flexibility for residues, to identify possible insertion points
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[321,341]. However, despite its classification as a PBP, our B-factor analysis showed PEB1a to be
a relatively rigid structure with a limited number of possible insertion sites (Figure 2-4). Though
we could have tested these insertion sites and identified a variant with some response to aspartate
before proceeding with further engineering, we wanted to find the optimal insertion point, and
doing so required a larger library. To that effect, we performed another analysis, based on solvent
accessibility, to identify positions that can accommodate a FP. This analysis revealed a much larger
set of possible insertion points (Figure 2-4). However, we reasoned that insertions inside a
secondary structure are likely to disrupt protein folding, so we narrowed our library down to 36

insertion sites that are all located in loops or at the ends of secondary structures.

B-factor analysis Solvent accessibility analysis

Figure 2-4 — Analysis of PEB1a crystal structure.

Crystal structures of PEB1a are coloured according to the results of either B-factor (left) or
solvent accessibility (right) analyses. Relative scores are indicated by a colour gradient
where low scoring residues are coloured blue, middle residues are white, and high scoring
residues are red. Cut-off scores for each representation were arbitrarily chosen to best

represent the relative results.
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To test our library of insertion points, we designed a two-step screening system that first
screens for protein folding followed by response and specificity for aspartate (Figure 2-5A). We
used the time it takes for a construct to be fluorescent as a measure of protein folding efficiency
since fluorescence would indicate proper folding of the cpstGFP, while assuming that unsuccessful
folding of the ligand binding domain should impair ligand binding, and consequently, a reduced
fluorescence response in the second screen. Out of the 36 insertion sites tested, 29 were fluorescent
within two days (Figure 2-5B) and were therefore tested for their response to aspartate and
glutamate. The results showed a clear winner; insertion of cpsfGFP between residues 194 and 195
produced a construct that showed a ~60% response to both aspartate and glutamate (Figure 2-6).

We designated this construct as ODIN V1 (Optical Aspartate [D] Indicator, version 1).

Linearize i

A PBAD-PEB1a Culture and ~ Confirm Re-transform . Bat:;h T"NT’? A
at chgsen Assemble [ fluorescent extract insertion \.ﬂa fluorescent purification o
positions. plasmid diagnostic constructs replicates for each
PCR cp- J digestion construct

sfGFP insert.
Check plates When fluorescent
each day for ~ (or after three days)
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|
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fo aspartate
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. Overnight . Two days . More than two days

Figure 2-5 - Testing PEB1a insertion sites.
A) Workflow for determining the optimal insertion point in PEB1a. The gene encoding

PEB1a was assembled into pBAD, and the resulting plasmid was then linearized at each of
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the insertion points using PCR to facilitate insertion of cpsfGFP. The gene for cpsfGFP,
with the original LV/NP linkers from iGluSnFR appended, was amplified from pBAD-
SfGASP. After insertion of cpsfGFP into the linearized PEB1a PCR product and
transformation into E. coli, colonies on a plate were inspected overnight (~16 h) following
the transformation for fluorescent colonies. Six colonies were then cultured, and the
plasmids were then extracted. Insertion was verified by digesting the extracted plasmids
with Xhol and Hindlll. Plates that were not fluorescent after ~16 h were checked again 8 h
later, and ~24 h after these two time points for two more days. If there were no fluorescent
colonies on the plater by the second inspection on the third day, six colonies were cultured
immediately after for plasmid extraction and diagnostic digestion on the following day.
Once successful assembly of all the constructs was confirmed by diagnostic digestion,
plasmids for all the constructs that were fluorescent within two days were transformed into
E. coli, and the expressed proteins were purified by Ni-NTA and assayed for their response
to aspartate and glutamate (n = 3). B) Structure of PEB1a with the first residue of an
insertion point coloured as indicated to indicate the time required before fluorescence was

observed. Two perspectives, differing by a 180° rotation about the y-axis, are shown.
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Figure 2-6 - Ligand-induced responses from different insertion points.

For clarity, only the first residue of an insertion point pair is shown on the y-axis.

During testing, we observed that the growth of E. coli expressing ODIN V1, as observed
from culture turbidity, was impaired, and that, despite the large quantities of soluble protein
extracted (as measured by the fluorescence intensity of the supernatant), binding to Ni-NTA resin
was impaired. Given the strong expression of the construct, we hypothesized that the
overexpression may be interfering with bacteria growth and confirmed that reducing the inducer

concentration restored normal growth. Analysis of the construct sequence revealed a signal peptide

64



for export to the periplasm between the N-terminus 6xHis tag and the construct that gets cleaved
upon export. Deletion of this signal peptide (ODIN V2) not only restored binding to Ni-NTA, but
also increased the Fia/Fapo to ~3 (Figure 2-7A and B). We randomized both residues
simultaneously for both linkers using NNK codons in parallel, and isolated a variant carrying
Asn441Thr and Pro442Arg in the second linker that showed 11-fold increases in the presence of
aspartate or glutamate. Subsequent randomization of the first linker did not produce any hits, but
a round of directed evolution gave us ODIN V4, which had a 15-fold fluorescence increase to both
ligands. Titrations of purified ODIN V4 showed a K4 of 260 uM and 709 uM, respectively, for
aspartate and glutamate (Figure 2-7C and Table 2-1). Therefore, while we have successfully
engineered an aspartate indicator with a large dynamic range, our best variant, to this point, still

did not possess the required specificity to aspartate.
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Figure 2-7 - Initial engineering of ODIN.
A) Lineage and schematic of engineering process up to ODIN V4. As with Figure 2-2,

residues at both linker interfaces are shown above the schematic representations and
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colored according to their domain, with the gatepost residues represented by the pink and
navy circles. The numbers after and before PEB1a indicate the last and first residues,
respectively, for that segment. B) Responses of batch-purified ODIN variants, up to ODIN
V4, to aspartate and glutamate. C) Kjtitration of purified ODIN V4 with aspartate and

glutamate (n =3; technical).

2.3.1.2.2 Engineering specificity into ODIN

From our efforts with GASP, we learned that drastic changes to the polarity of the binding
pocket can negatively impact protein folding. As such, we hypothesized that a rearrangement of
the hydrogen bonds in the binding pocket may shift specificity in favour of aspartate without
significant effects on protein folding. Our analysis of the binding pocket suggested that removal
of the hydroxyl group on Tyr156 may disrupt a hydrogen bond to either ligand, but that Ala64,
Alal28 and Alal31 were all close enough to aspartate’s carboxylic acid side chain, but not
glutamate’s, such that a hydroxyl group at any of these positions may form a hydrogen bond to
aspartate (Figure 2-8). To that effect, we screened a library combining these mutations.
Unfortunately, variants either showed a stronger response to glutamate or diminished responses
for both ligands and were discarded.

We returned to directed evolution, using ODIN V4 as the template and the ratio between
the aspartate and glutamate responses as the screening criterion in an effort to engineer in greater
specificity. We identified a variant, which we called ODIN V4.1, that had both an extremely low
affinity (Kqa~ 25 mM) and a high response for glutamate (Fsa/Fapo = 10.3 £ 1.1; n = 3, technical),
but was hindered by low affinity for aspartate and, more importantly, extremely slow kinetics (on

the order of minutes) (Figure 2-9).
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Aspartate Glutamate (substituted)

Figure 2-8 — PEB1a binding pocket residues targeted for hydrogen bond re-arrangement.
Residues highlighted in green were mutated to re-arrange the positioning of hydrogen
bonds in the binding pocket. Tyr156 was mutated to Phe, while the alanine residues were
mutated to serine. Orange lines show represent distances from the side chain to the side-
chain carboxylic acid group (aspartate on the left image and glutamate on the right) with
the measurements shown. Glutamate was modelled into the binding pocket by
replacement of the aspartate with a predicted rotamer. Primers containing each of these
mutations were combined in a QuikChange Lightning Multi reaction and the resulting

library screened.
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Figure 2-9 — ODIN V4.1 characterization.
A) Excitation (dashed) and emission (solid) spectra of ODIN V4.1 in different conditions. B)
Katitration with aspartate and glutamate (n = 3; technical). Error bars show SEM. C)

Kinetics run.

We determined that a Vall73Ala mutation was responsible for the significant shifts in
affinity and response. Based on the PEB1a structure, we suspected that Val173 may have had such
a strong influence on ligand binding due to a combination of its own hydrophobic interactions with
the ligand, as well as by influencing its neighbor, Aspl174, which has its own hydrophobic
interactions with the ligand (Figure 2-10). Extrapolating from this finding, we randomized Phe83,
Thr133, 1177, Gly199, and Vall173 in parallel using ODIN V4 as our template and modified our
protocol to screen for K4 by measuring the response of each variant to two concentrations of
aspartate (500 uM and 10 mM) and glutamate (1 mM and 10 mM). We then combined the
favourable mutations (Vall173Thr, Val173Gly, and Thr133Gly) to check for any synergistic effects
between the mutations. At the end of this process, we had engineered our final variants

(ODINl1a,b,c) (Figure 2-11) with different affinities and different Fia/Fapo for aspartate and
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glutamate (Table 2-1 and Figure 2-12). Though the reduced dynamic range for glutamate as a
result of mutation of Vall73 to Gly was desirable, this variant was ultimately excluded from the

final set because its affinity for aspartate relative to glutamate was not sufficiently enhanced.

Tyr156

le177
Alatd

val73

Figure 2-10 - PEB1a binding pocket.

A) Two-dimensional representation of the PEB1a binding pocket residues with aspartate
using a similar scheme as Figure 1-1A. B) PEB1a binding pocket with targeted residues
highlighted. Residues coloured green are those who are beside residues that interact with
aspartate. lle177, which has hydrophobic interactions with the ligand, is coloured blue,

while Val173 is colored orange.
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Figure 2-11 — Sequence alignment of ODIN1 variants with constituent proteins.

Sequence alignment for PEB1a (without the signal peptide; PDB: 2V25) [321], cpsfGFP,
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and the final ODIN1 variants. Residues are coloured according to polarity. The first and last

two residues for cpsfGFP are the linkers from iGIluSnFR [252]. Chromophore-forming

residues are indicated by the black box, and mutations are highlighted by the red boxes.

2.3.2 In vitro characterization of ODIN1 variants

We then undertook a systematic characterization of our ODINI variants (Table 2-1 and

Figure 2-12). All three of the ODIN1 variants had an emission peak of 509 nm and an excitation

peak of 492 nm with no significant wavelength shifts upon ligand binding (Figure 2-12C). Given
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the different properties of our three variants (Table 2-1), we believe that each of these variants can
be useful for different applications.

ODINIa, incorporating a Vall73Thr mutation, was slightly dimmer than ODIN V4, but is
the brightest out of all our variants with almost 90% of EGFP’s brightness and 30% brighter than
1GluSnFR (Table 2-1). Additionally, although it has a similar affinity for L-glutamate as ODIN
V4, it shows 6-fold lower K4 for L-aspartate, yielding a 19-fold difference in affinity without
significantly affecting the dynamic range for either L-aspartate or L-glutamate (Table 2-1 and
Figure 2-12C and E). ODINla had a stronger affinity for its primary ligand and improved
specificity relative to iGluSnFR, which showed strong affinity for both ligands. ODIN1a showed
maximum specificity for L-aspartate at <100 uM concentrations (Figure 2-12B). Considering that
glutamate concentrations in the synapse can range from less than 20 nM to at least 1 mM, if not
up to 5 mM [8,11,12,342], use of ODIN1a, despite its stronger affinity towards L-aspartate, may not
be ideal in systems where both L-aspartate and L-glutamate are present and specificity is desired.
Conversely, however, it retained a strong enough affinity towards L-glutamate to function as a
glutamate indicator, possibly providing an alternative to iGluSnFR.

ODINI1b, which carries an additional Thr133Gly mutation relative to ODIN1a, showed a
similar, if not slightly stronger, affinity to L-aspartate, but has a favourable 4.5-fold weaker affinity
to L-glutamate, widening the difference in affinity to over 150-fold (Table 2-1 and Figure 2-12E).
As a result of this increased gap in affinities, ODIN1b demonstrated good specificity for ligand
concentrations as high as 10 mM with over 2.5-fold difference in fluorescence intensities, although
maximum specificity was still obtained at ~100 uM (Figure 2-12B). Therefore, while ODIN1b
retained some response to L-glutamate at the upper range of the estimated physiologically relevant

concentrations [11], these responses are likely to be small and should still be differentiable from its
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L-aspartate. Although it was dimmer than ODIN1a, ODIN1b was still brighter than ODIN1¢ and
1GluSnFR (Table 2-1 and Figure 2-12C). Interestingly, despite significantly reducing the affinity
for L-glutamate, Thr133Gly did not significantly affect the maximum dynamic range for L-
glutamate. Thus, given its properties, we believe that ODIN1b presents the best balance between
specificity, having the largest difference in affinities among the ODIN1 variants up to ~600 uM,
and other properties.

ODINIc differs from ODIN1b with a Vall73Gly mutation instead of Vall73Thr. Unlike
either of the first two mutations discussed, this mutation reduced the indicator’s affinity towards
both L-aspartate and L-glutamate as well as the dynamic ranges for L-aspartate and L-glutamate
relative to ODIN1a and ODIN1b (9.64 + 0.05 and 8.35 + 0.14, respectively, compared to ~10.5
for both ligands; Table 2-1 and Figure 2-12C and E). As a result, there was an over 20-fold
difference in affinities for L-aspartate and L-glutamate, which was still larger than that of ODIN1a,
and more importantly, its K4 for L-glutamate (8.77 mM) is beyond the 5 mM upper estimate for
the synaptic concentration of glutamate [11]. However, it is worth noting that the K4 for L-glutamate
may be an underestimation as the titration curve did not appear to plateau. Regardless, ODIN1c
had the largest difference in fluorescence intensities at the estimated range of peak synaptic
concentrations for neurotransmitters (Figure 2-12B) [11]. ODIN1c was the dimmest out of the
three variants, though it was still brighter than 1GluSnFR and retained 70% of EGFP’s brightness.
Thus, we propose that ODIN1c¢ would be best suited for studies requiring maximum specificity for
L-aspartate at concentrations between ~600 uM and 10 mM.

The pH titration results indicated that the affinity-shifting mutations did not significant
affect the chromophore environment as all three variants have similar pK, values (Figure 2-12D).

In the apo state, all three ODIN1 variants have a pK, of ~4.8, but ligand binding shifted the pK, to
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~6.4, indicating a change in the chromophore environment. The titrations also revealed that in the
saturated state, the indicators were not at maximum brightness during testing (pH = 7.2) nor would
it be reached under physiological conditions (pH = 7.4). The bound-state pK, limits the application

of ODINI1 in synaptic vesicles, which have a pH of ~5.5 [343].
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Table 2-1 - ODIN variants' in vitro characterization.

Variant EGFP® iGluSnFR® V4 1a 1b lc
. T133G,
Mutations n/a n/a n/a V173T V173T T133G, V173G
325+ 113+
- g
L-Asp n/a 0.10 (2.0) 03 10.7+0.08 10.6 £0.1 9.64 £ 0.05
L 583+ 112+ 11.0+ ) )
AF/Fin LGl 0les 09 0.08" 10.4+023 8.35+0.14
i 0.44 + 428 +
D-Asp n/a 007 019 8.6x1.1 8.05+0.05 3.77+£0.02
260 [247, 37.6[33.5, 27.4[248,
LA o 8LO(145) T 0 2.0 30.4] 388 [363, 413]
] 700 [658, 763 [678, 4200 [3810, 8770 [7910,
Kequvye Ol na 482(107) o0 861] 4620] 9710]
9080 1500
D-Asp n/a n.d. n.d. [6970, [12800, n.d.
11800] 17700]
Apo 40.3 6.1 2.66 3.53 3.43 3.29
Brightness' P (37.5) : : ' : '
389 .
- g
LA 0 2540 353 33.0 30.8 27.4
582 929+
Apo 45  498+0.06 4.97+0.03 4.58+0.07
£x1000 0 0 (560)  0.09
fom’) L-Aspe (22(7)) 38803 616  593+14 569406 503+ 1.0
Apo 0.67 0663; 0.59 0.71 0.69 0.72
@ 0 66 +
L-Aspt  0.67 0.00 0.57 0.56 0.54 0.55
Apo n.d. (7.0) nd, 4661422 4861434 o0 60, 4.04)
DKt 5.03] 5.30]
: L-Asp® . 6.35[6.26,  6.40 [6.30,
n.d. (6.5) n.d. 6.44] 6.50] 6.43[6.37, 6.48]

2 Relative to ODIN V4.

b Literature values in parentheses are from Cranfill et al. [329].

¢ Literature values in parentheses are from Marvin ef al. [252] and Helassa et al. [253].
4 Calculated from the emission spectra’s peaks without and with ligand at specified concentrations.
¢ Brackets represent 95% confidence intervals.

f Brightness is defined as the product of € and ¢.

¢ Measurements were performed at 10 mM ligand concentration.

h Measurements were performed at 300 mM ligand concentration.

I Measurements were performed at 100 mM ligand concentration.

i Measurement for glutamate.

Measurements are reported as means + SEM (n = 3; technical).

n.d. = not determined. n/a = not applicable.

When we tested our ODIN variants against a panel of structurally related amino acids, we

discovered that they, to a lesser extent than L-aspartate and L-glutamate, respond to D-aspartate
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(Table 2-1 and Figure 2-12C). Albeit significantly smaller than its response to L-aspartate or L-
glutamate, ODIN V4 had a significant response to D-aspartate, likely due to the aspartate’s near
symmetry. Introducing the Vall73Thr mutation in both ODIN1a and ODIN1b nearly doubled the
dynamic range for D-aspartate relative to ODIN V4. Interestingly, replacing the Thr in position
173 with Gly had the opposite effect, narrowing the dynamic range for D-aspartate relative to
ODIN V4, further suggesting that this position has a direct influence on the binding pocket. It
should be noted that the reported AF/Fi» for ODIN1c with respect to D-aspartate may be an
underestimation, similar to L-glutamate, as the titration curve suggest that 100 mM may be
insufficient to saturate the sensor. Consequently, we were unable to determine the D-aspartate K4
for ODIN1c. A growing body of literature suggests that D-aspartate is a neurotransmitter with roles
in hormone regulation, development, learning and memory (reviewed in [38,45,46]). Given our
results and assuming that the concentration of D-aspartate in the synapse does not exceed that of
L-glutamate, we believe that interference from D-aspartate will be minimal. None of the ODIN1
variants showed significant responses in the presence of L-glutamine, L-asparagine, D-glutamate,

D-asparagine, D-glutamine.
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Figure 2-12 - ODIN1 structure and spectral characterization.

A) Representation of the structure of ODIN1 using the structure of PEB1a (PDB: 2V25) and
cpsfGFP represented as a barrel [321]. The insertion point residues have been removed to
illustrate connectivity to cpsfGFP. B) Ratio of fluorescence intensities of ODIN1 variants (left
y- axis) and iGIuSnFR (right y-axis) against the concentration (in micromolars) expressed in
logarithmic values (n = 3; technical). C) Excitation (dashed) and emission (solid) spectra of
ODIN1a (left), ODIN1b (middle), and ODIN1c (right) with 10 mM L-aspartate or 300 mM -
glutamate. Colour scheme is consistent with Figure 1-9. D) pH titration curves for ODIN1
variants (n = 3; technical). E) Kjtitration of ODIN1 variants for L-aspartate (left), L-glutamate
(middle), and p-aspartate (n = 3; technical). For the L-aspartate and L-glutamate titrations,
iGluSnFR (black) is shown for comparison. The D-aspartate titration was not performed

with iGIuSnFR. Fitted values are shown in Table 2-1. Error bars represent SEM.
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2.3.3 Imaging in mammalian cells

Near the beginning of engineering ODIN1, we cloned ODIN V3 into pMiniDisplay and
transfected the plasmid into HelLa cells to confirm proper localization to the cell membrane
(Figure 2-13A). However, when we later expressed ODIN1b on the surface of HelLa cells and
measured the change in fluorescence intensity upon addition of 10 mM L-aspartate, we only
observed a ~20% increase at best, which is much smaller than the values observed in the purified

protein in vitro (Figure 2-13B and Table 2-1).
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Figure 2-13 - Imaging ODIN constructs in HelLa cells
A) Co-transfection of membrane-localized ODIN V3 with cytosolic mApple. The left image
shows mApple expressed in the cytosol (modified pcDNAS.1(+)-mApple), and the center

image shows ODIN V3 localized to the membrane (pMiniDisplay-ODIN V3). The right image
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shows the merged image, confirming membrane localization. Images are coloured using
lookup tables. B) Functional test of ODIN1b in HelLa cells. The left panel shows Hela cells
expressing ODIN1b on their membrane surface at 40x magnification. Right image shows
corresponding individual cell traces of the change in fluorescence intensity upon addition

of 10 mM L-aspartate.

In an effort to recover the performance we observed in vitro with purified protein, we
attempted to tether bacteria-expressed ODIN variants to the plasma membrane surface using the
SpyTag and SpyCatcher system [327,344]. SpyTag is a 1.7 kDa peptide that forms a covalent
isopeptide bond with its partner, SpyCatcher (15 kDa). We first labelled TfR-SpyCatcher003
(Addgene #133451), which utilized the transferrin receptor to tether SpyCatcher003 to the
membrane, with mApple and tagged our ODIN constructs with SpyTag003 at the N-terminus. To
ensure that the addition of the relatively long SpyTag (18 residues plus a 6 residue linker) did not
interfere with the His-tag, we moved the His-tag to the C-terminus and removed the rest of the
pBAD leader sequence. Our results demonstrated that ODIN1 can be localized to the membrane
using the SpyTag and SpyCatcher system with a brief incubation and that the tethered indicators
are responsive to their ligands, with AF/Fnin ranging from ~3 to 4 for L-aspartate and ~2 to 3 for
L-glutamate compared to ~20% increase seen in pMiniDisplay (Figure 2-14). This response
towards aspartate is comparable to the responses observed from iGluSnFR upon addition of
glutamate on HEK293 cells [252]. Though the ODIN1 variants showed a significant response to L-
glutamate, these were still smaller than their response to L-aspartate, albeit the differences were
markedly narrower than what was observed in vitro (Figure 2-12B). To confirm that these changes

in fluorescence intensities are due to ODIN1 responding to L-aspartate or L-glutamate specifically,
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we also measured the tethered sensors’ response to L-glutamine, which none of the ODIN1 variants
respond to in vitro, but did not observe a significant change in fluorescence, as expected (data not
shown). Therefore, we present the SpyTag/SpyCatcher system as a viable solution for expressing

ODINI onto the cell surface and imaging aspartate dynamics.
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Figure 2-14 - SpyTagged ODIN1 in Hel.a cells.

A) Representative images of cells expressing mApple-SpyCatcher003 on the membrane
and tagged with ODIN1 variants. From the left, the first column of images was taken in the
red channel, showing expression of mApple-SpyCatcher003 on the membrane, and the
second column of images was taken in the green channel, showing the localization of the
SpyTagged ODIN1 constructs. These images were merged to generate the composite
images in the third column. The fourth column shows images of cells before the addition of
10 mM L-aspartate, and the rightmost column shows the same cells after the addition of
10 mM L-aspartate at the peak of the response. Images were coloured in Imaged using
lookup tables. The traces are representative, showing the change in fluorescence intensity

of cells upon the addition of L-aspartate. Each trace represents one cell, where each cell
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was manually labelled as a region of interest in Imaged. B) Responses of tethered ODIN1
constructs on the cell surface. Error bars and values represent SD (n = number of cells;
technical because measurements were taken using one stock of purified protein for each

ODIN1 variant).

2.3.4 Alternatives to membrane localization and progress towards ODIN2

To date, genetically encoded neurotransmitter indicators have been expressed on the cell
membrane [252,254,287,291,345]. However, one limitation of using a cell-surface sensor is that the
sensor is constrained to a 2D surface, limiting the number of copies that can be displayed and
consequently, the fluorescence signal. On the other hand, the extracellular matrix (ECM), which
provide structural and biochemical support to cells and is rich in hyaluronic acid, makes up 20%
of the brain’s volume [346,347]. Therefore, a possible advantage of targeting genetically encoded
indicators to the ECM, instead of the membrane, is a stronger fluorescence signal since more
copies of the indicator can be targeted to the ECM, which encloses the synapse, than can be packed
into the part of the membrane close to the synapse. Additionally, given that previous work has
shown that the ECM plays a role in modulating neural circuitry, and has, indeed, been implicated
in addiction and memory [348-350], indicators targeted to the ECM can open a new avenue of
questions that can be investigated regarding synaptic spillover.

Inspired by a report from Zhang et al. that described the detection of hyaluronan in mice
brains by fusing GFP to a hyaluronan binding domain [351], we inserted FPs and iGluSnFR
between a secretion signal with linker containing a His-tag and a LINK domain, a 97-amino acid
protein that binds hyaluronan (Figure 2-15A). As a proof-of-principle experiment, we transfected
the secretion constructs carrying EGFP, iGluSnFR, and sfGFP into HeLa cells and collected the

media ~24 h after transfection, which we then incubated with Ni-NTA resin. We measured the
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fluorescence spectra of each, and in the case of the iGluSnFR construct, measured its response to
aspartate and glutamate (Figure 2-15B). Our results indicate that although the secretion appeared
to be inefficient, and in the case of iGluSnFR, affected its performance, some protein did
successfully get secreted. Additionally, we observed that we collected more sfGFP than we did
EGFP or iGluSnFR, though it is unclear whether this is due to increased expression of sfGFP
[254,324] or better secretion.

Previous work by the Snapp group suggest that the presence of cysteine residues, which
have the potential to erroneously form disulfide bonds in the oxidizing environment of the
endoplasmic reticulum, may affect secretion [352]. To address this potential problem, Snapp and
coworkers have engineered a palette cysteine-free FPs named oxFPs [352,353]. Accordingly, we
engineered the oxGFP mutations, Cys48Ser and Cys70Ser (numbered relative to sfGFP), into
ODINI1b. Our preliminary results suggested that, regardless of their yet-to-be-determined effect
on the indicator’s ability to be secreted, these mutations widened the construct’s dynamic ranges
for L-aspartate and L-glutamate while reducing that of D-aspartate (Table 2-2).

Table 2-2 — ODIN1b versus ODIN1b + oxGFP mutations.

Ligand ODIN1b ODIN1b + C48S + C70S
L-aspartate 10.6 £0.1 243+0.2
L-glutamate 104+03 13.9+0.1
D-aspartate 8.05+0.05 6.35+0.06

Performed with 10 mM ligand. All values reported as mean + SEM (n = 3).
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Figure 2-15 Proof-of-principle for secretion strategy.
A) Schematic representation of secretion construct. BM40 is a signal peptide for secretion,
which, along with the linker, was first utilized by Zhang and colleagues [351]. LINK from
TSG6 is the hyaluronan binding domain used by Ghosh and coworkers [354]. B) Excitation
(dashed) and emission (solid) spectra from proteins secreted in the media of cells
transfected with each construct and collected with Ni-NTA.
2.4 Conclusion

We have successfully engineered a series of aspartate indicators from PEBla, an
aspartate/glutamate binding protein from C. jejuni. Insertion of cpsfGFP in the hinge region close
to the binding pocket produced a functional aspartate/glutamate indicator whose dynamic range
we were able to increase by a factor 5 following linker optimization and directed evolution. While
there was a 2-fold separation in the early prototype’s affinities for aspartate and glutamate, we
were able to enhance this separation to an over 150-fold difference by building on a mutation
identified through directed evolution and using the crystal structure of PEB1a and to identify other
residues that are important for specificity. We found that mutation of just two residues, Vall73

and Thr133, acted as handles to manipulate the sensor’s affinities for its ligands and were sufficient
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to produce variants with a range of affinities for both ligands though at the cost of sensor
brightness. Thus, our ODINT series consist of three different variants with different strengths that
may be leveraged for different applications.

However, as a first-generation sensor, there is much room for improvement. Currently, the
biggest limitation to ODINI is its poor performance when expressed on the membrane of cells,
and our efforts are focused on addressing this limitation. Though we have successfully
demonstrated that the SpyTag and SpyCatcher system enabled the expression of ODIN1 while
retaining its function, the need to purify and introduce it into the system of interest is an additional
complication that can limit its use. While we hope that optimizing the signal peptide and
membrane-tethering domain will rescue its performance, our preliminary results suggest that
secreting ODIN1 may also be a promising avenue. Additionally, though diminished, their affinity
for L-glutamate may still be physiologically relevant [11]. While the specificity of these ODIN1
variants may be sufficient for distinguishing between aspartate and glutamate in co-release studies
when used with red iGluSnFR (R-iGluSnFR) [255], ODIN variants with weaker affinities for L-
glutamate would still be preferable. Red fluorescent ODIN variants would also be extremely useful
as it allows for multiplex imaging and, depending on the choice of FP, enable the engineering of a
less pH-sensitive variant. Given that a key question regarding classifying L-aspartate as a
neurotransmitter is the identity of its vesicular transporter, variants that remain unquenched upon
ligand binding in synaptic vesicles (i.e., variants with a pK, below 5.5 in the bound state) would
be highly useful in probing this issue.

Through a combination of directed evolution and semi-rational design guided by the crystal
structure of PEB1a, we have successfully engineered the first generation of the ODIN series, a

family of bright green aspartate indicators with large dynamic ranges. Mutations at two key

83



positions yielded three variants, each with a different balance of affinities and dynamic ranges for
aspartate and glutamate. Though there is room for improvement, we believe that the ODIN1 series

will open new avenues for probing the specific role of aspartate in the nervous system.
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3 Chapter 3 — Green single-FP based glutamine indicator

3.1 Introduction

L-Glutamine (one letter code: Q), has a plasma concentration that exceeds the
concentrations of all the other amino acids by at least ten-fold, a fact that underscores its
importance in human physiology [355]. In addition to its role as a proteinogenic amino acid, some
of glutamine’s roles include acting as a nitrogen or carbon donor for the syntheses of key
metabolites; and regulating protein turnover and ammonia levels (for detailed discussions, see the
reviews by Wu [356], Cruzat et al. [355] and Mazat and Ransac [357]). In the nervous system,
glutamine is most recognized for its role in the glutamate/GABA-glutamine cycle, where
glutamate in excitatory synapses (or GABA in inhibitory synapses) is taken up by astrocytes after
release and converted to glutamine by glutamine synthetase (reviewed by Bak et al. [7] and
Albrecht et al. [51]). Glutamine is then transported back into neurons for conversion back to
glutamate or GABA and packaged into vesicles for release upon excitation. Additionally, this cycle
is important in regulating ammonia homeostasis as the production of glutamine consumes one
molecule of ammonia while its metabolism produces one molecule. Aberrations in this cycle, such
as those caused by altered activity of glutamine synthetase, have been implicated in neurological
conditions, such as epilepsy [54,358]. Furthermore, the Trojan Horse hypothesis proposes that
excessive glutamine synthesis, despite consuming ammonia, actually increases oxidative and
nitrosative stress by impairing mitochondrial function [57,59,60].

Improved methods for imaging glutamine concentration dynamics in living cells,
especially methods that utilize genetically encoded FP-based indicators (because of their ease of
use and the high spatiotemporal resolution of fluorescence imaging), would be of interest to both

neuroscientists and cell biologists. Currently, the only fully genetically encoded glutamine sensor
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is the FLIPQ series, with six variants possessing a range of affinities and dynamic ranges [263].
FLIPQ sensors are FRET-based ratiometric indicators that utilize the glutamine binding domain
from Escherichia coli with monomeric teal FP (mTFP1) and Venus as the donor and acceptor,
respectively. Although they allow for ligand quantification, FRET-based indicators are generally
less desirable than single FP-based indicators because of the need to image in two channels and
their generally smaller responses. Indeed, the best FLIPQ variant shows a maximum AR/R of 0.26,
where R is the ratio of the emission peaks for Venus/mTFP1 [263]. Another FRET sensor using the
same glutamine binding domain with a AR/R of 0.9 has been reported; however, this FRET sensor
utilized CouA, an unnatural amino acid, as the donor and EGFP as the acceptor [264]. Here, as an
alternative to these sensors, we report the engineering of the first single FP-based glutamine
indicator using the glutamine binding protein from Burkholderia pseudomallei.

3.2 Materials and Methods

3.2.1 General
Double-stranded DNA and DNA oligonucleotides were synthesized by Integrated DNA

Technologies. Several polymerases were used for high-fidelity PCR according to the
manufacturer’s instructions: CloneAmp HiFi PCR Premix from Takara Bio USA, Inc., Q5
polymerase from New England BioLabs, and Platinum SuperFi DNA Polymerase and Platinum
SuperFi II DNA Polymerase from Thermo Fisher Scientific. Recombinant Taq polymerase was
used for EP-PCRs and purchased from Thermo Fisher Scientific. PCR products were purified by
agarose gel electrophoresis and extracted with the GeneJET Gel Extraction Kit (Thermo Fisher
Scientific). Restriction enzymes and T4 DNA ligase were purchased from Thermo Fisher
Scientific and used according to the manufacturer’s recommendations. Digested PCR products
were directly extracted with the GeneJET Gel Extraction Kit before ligation. In-Fusion HD was

used for assembly reactions and was purchased from Takara Bio USA, Inc. Plasmids were
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extracted from small (~4 mL) cultures with GeneJET Plasmid Miniprep Kits (Thermo Fisher
Scientific). Ligands were obtained as solids from Fisher, Alfa Aesar or Acros Organics with at
least 98.5% purity or molecular biology grade. Sanger sequencing reactions using BigDye were
performed by the Molecular Biology Services Unit at the University of Alberta. Fluorescence
measurements were performed on a Safire? plate reader (Tecan), and absorbance measurements
were collected on a DU-800 UV-Visible Spectrophotometer (Beckman). Most protein structure
images were generated using UCSF Chimera 1.14 [322,323] except when specified otherwise.
3.2.2 Plasmid construction and directed evolution

3.2.2.1 Plasmid and library construction

Generic procedure for plasmid construction. Unless described otherwise, plasmids were
constructed through seamless homology-based assembly using In-Fusion. Double-stranded DNA,
sharing at least 15-bp overlap with the linearized vector backbone in both 5° and 3’ ends, is
incubated at 50 °C for 15 min with vector backbone linearized by amplification or restriction
enzymes and In-Fusion enzyme mix. Following completion of the assembly, the reaction is used
to transform electrocompetent E. coli strain DH10B (Invitrogen) and cultured overnight at 37 °C
on LB agar plates with 400 pg/mL ampicillin (Thermo Fisher Scientific) and 0.02% L-arabinose
(Alfa Aesar). Plasmids were then isolated from single colonies cultured overnight in liquid LB
cultures with 100 pg/mL ampicillin and 0.02% % L-arabinose at 37 °C. Sequences were then
confirmed by Sanger sequencing.

Construction of plasmids for testing insertion points in glutamine binding proteins.
Double-stranded DNA encoding either GInH from E. coli (codon optimized for mammalian
expression based on the amino acid sequence in the PDB structures (ID: IGGG (open) and IWDN
(closed)) or glutamine binding protein from Burkholderia pseudomallei (BpQBP; also codon

optimized for mammalian expression based on the protein sequence in the PDB (ID: 4F3P)) were
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assembled into pBAD/HisB vector prepared by digestion with Xhol and HindIII [359-361]. The
assembly was used to transform DH10B and the transformed bacteria were grown on LB agar
plates supplemented with 400 pg/mL ampicillin and 0.02% L-arabinose as described above. Single
colonies were then used to inoculate 4 mL of LB with 100 pg/mL ampicillin and 0.002% L-
arabinose for overnight incubation at 37 °C for plasmid extraction. These plasmids, called pBAD-
GInH or pBAD-BpQBP, were then linearized at each insertion site by high-fidelity PCR and
assembled with the gene for cpsfGFP [324] with the optimized linkers from ODIN V3 (amplified
from mammalian codon-optimized pPBAD-ODIN V3; Chapter 2), as described previously.
Construction of mutated libraries. For site-directed mutagenesis libraries of B.
pseudomallei binding protein-based indicators, the template was amplified with Platinum SuperFi1
DNA Polymerase or Platinum SuperFi Il DNA Polymerase and primers designed using the 22-
codon trick to reduce the library size [362]. Briefly, for each targeted position, three sets of primers
carrying NDT (N = any base; D=A,GorT), VHG (V=A,Cor G; H=A, CorT), or TGG
codons (and their complements) at the targeted position were mixed in a 12:9:1 ratio to prepare
forward and reverse primer mixes with a total primer concentration of 10 uM in each mix that
were then used for the PCR reactions. For libraries targeting two residues close by (i.e., two
residues within a single primer), such as for linker optimization libraries, a modified protocol using
just the NDT and VHG codons was used for cost-effectiveness. For this protocol, four sets of
primers carrying NDTNDT, NDTVHG (i.e., NDT for the first position to be randomized and VHG
for the second position), VHGNDT, and VHGVHG (or their complements) were designed and
mixed in a 33:24.5:24.5:18 ratio to prepare 10 uM forward and reverse primer stocks. Following

the completion of the PCR, reactions were incubated with Dpnl for at least 1 h at 37 °C. For
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simultaneous mutations at different positions, the QuikChange Lightning Multi Site-Directed
Mutagenesis kit (Agilent Technologies) was used in conjunction with the 22-codon trick [362].
For the GInH-based design, site-directed mutagenesis libraries were prepared using the
QuikChange Lightning Site-Directed Mutagenesis kit (Agilent Technologies). Linker optimization
was performed by randomizing two adjacent linker residues using NNK codons. Random
mutagenesis libraries were prepared by amplifying the template by EP-PCR using Taq polymerase
in the presence of 0.15 mM MnCl, and four-fold excess of dCTP and dTTP [325,326]. The purified
PCR product was then cloned into pBAD/HisB digested with Xhol and HindIII using In-Fusion.
Plasmids for SpyTag and SpyCatcher system. As described in Chapter 2, the plasmid
encoding SpyCatcher003 tagged with mApple was assembled by linearizing pENTR4-T{R-sfGFP-
myc tag-SpyCatcher003 (Addgene #133451) [327] without sfGFP and assembling with mApple
amplified by PCR and extended with at least 15 bp overlap to the linearized vector. The gene
encoding for ODIN1 in cHis-pBAD-SpyTag003-ODIN1 was replaced with Qigon1 using a similar

approach.

3.2.2.2 Library screening in E. coli

General screening protocol. Libraries and the plasmid encoding the starting template
(which served as controls) were transformed into DH10B and cultured overnight at 37 °C on LB
agar plates supplemented with ampicillin and L-arabinose. Plated colonies were then screened
using a custom-built imaging system [328] to ensure that variants chosen for the response-based
screen were fluorescent. Single fluorescent colonies, including three expressing the starting
template, were then cultured overnight in 4 mL LB media with ampicillin and L-arabinose at 37
°C. Protein was extracted from bacteria using B-PER (Thermo Fisher Scientific) and the
supernatant was then incubated with 50 pL of Ni-NTA (G Biosciences) for at least 30 min. After

incubation, the beads were washed once with 700 puL of 1x PBS (10 mM Na;HPO4, 1.8 mM
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KH>POys, 137 mM NaCl, 2.7 mM KCI) with 20 mM imidazole and adjusted to pH 8.0. Protein was
eluted from the resin using 1x PBS augmented with 250 mM imidazole at pH 7.8. Beads were
pelleted by centrifugation and the supernatant was manually aspirated. Each purified protein was
then diluted into wells containing blank (30 mM MOPS, 100 mM KCl) or L-glutamine (blank +
10 mM L-glutamine) buffers, corrected to pH 7.2. The fluorescence intensities for the proteins in
solution were measured and the intensities between the L-glutamine and blank conditions were
ratioed to yield the dynamic range. From each library, variants were considered “winners” if they
had a larger dynamic range than the controls. Winning variants were then streaked out on LB agar
plates and re-tested in triplicate against the starting template. Plasmids were extracted from
winning variants and sequenced. The new variants identified were then used as template for the
next round. Modifications to this protocol are described below or in the results as required.
Screening protocol for best insertion site in GInH and linker optimization of first
design. Plasmids harboring G/nH with the gene for cpsfGFP inserted at different positions or
reactions for libraries were transformed into DH10B and cultured overnight on LB agar plates with
the required additives at 37 °C. Single colonies from the library were cultured in ~1.3 mL of LB
media with 100 pg/mL ampicillin and 0.02% % L-arabinose in 96-well blocks (Thermo Fisher
Scientific) at 37 °C overnight. Blocks were centrifuged to pellet the bacteria and the media was
discarded. To remove amino acids present in the media, pellets were subjected to at least three
cycles of resuspension with 1x PBS and centrifugation for discarding the supernatant. After
washing, pellets were incubated with B-PER to extract the protein followed by centrifugation.
Supernatant from each well were then loaded into individual wells containing either blank or L-
glutamine buffers, and the fluorescence spectrum for each sample was collected. Variants showing

the largest dynamic range were then chosen for further engineering.
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3.2.3 In vitro characterization
3.2.3.1 Protein expression and purification

Electrocompetent E. coli strain DH10B (Thermo Fisher Scientific) were transformed with
pBAD/HisB plasmid carrying the gene for the protein of interest and cultured on LB agar
supplemented with ampicillin and L-arabinose. Starter cultures of 4 mL LB with the required
additives were inoculated with single colonies and shaken overnight at 37 °C and 225 rpm. The
starter culture was added to 500 mL of LB with ampicillin, and the cultures were shaken for 3-4 h
at 37 °C before induction with L-arabinose. After addition of L-arabinose, cultures were shaken for
at least 20 h at 30 °C before bacteria were harvested by centrifugation and resuspended in 1x PBS
augmented with protease inhibitors (cOmplete™, EDTA-free Protease Inhibitor Cocktail; Roche)
according to the manufacturer’s specifications. Cells were lysed by sonication and then clarified
by centrifugation. The clarified lysate was then gently mixed with Ni-NTA for at least 1 h. The
lysate-bead mixture was then transferred to a propylene centrifuge column and washed with at
least three packed column volumes of wash buffer (1x PBS with 20 mM imidazole, pH 8.0) and
eluted with elution buffer (1x PBS with 250 mM imidazole, pH 7.8). The purified protein was then
concentrated and buffer-exchanged into 1x PBS (pH 7.4) using 10 kDa centrifugal filter units

(Millipore). All steps of the extraction and purification were carried out at 4 °C or on ice.

3.2.3.1.1 Spectral characterization

Brightness is calculated as the product of the EC and the QY.

EC measurements. ECs for indicator variants were measured using alkaline denaturation
method [329]. An equal volume of purified protein for each variant was diluted to 700 puL with
blank or L-glutamine buffers or NaOH. The absorption spectrum for each sample was collected,
and the concentration of protein in each sample was derived from the denatured sample (sample

added to NaOH) using an assumed EC of 44,000 M™! cm! for the denatured chromophore peak
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(~450 nm) [329,330] and Beer’s Law. The EC for each variant under each condition can then be
calculated by further applications of Beer’s Law. Measurements were performed in triplicate and
the results were averaged.

Quantum yield measurements. Quantum yields were measured as previously described
[329,331] with EGFP used as the standard (QY = 0.67) [329]. From the samples used for EC
measurements, a dilution series for each sample was prepared with the corresponding buffers so
that the peak absorbance was < 0.05. For each dilution series, the emission spectra were collected
from 480 to 650 nm with an excitation wavelength of 460 nm and the total fluorescence intensities
for each dilution were integrated. The total fluorescence intensities were then plotted against the
absorbance. The slope of each line (m) was calculated and used in the following equation to

determine the QY

_ mprotein
(pprotein = @standard X (1)
standard

3.2.3.2 Affinity measurements

Determination of specificity. Protein was added to blank buffer and buffers supplemented
with 10 mM ligand (pH = 7.2). The fluorescence intensities of each sample were recorded and
compared against the intensity recorded from purified protein diluted in blank buffer alone.

Determination of Ka. For ligands that evoked substantial changes in fluorescence,
titrations with varying concentrations of ligand, mostly ranging from zero to 10 mM, were
performed to determine the Kq4. Buffers for the titration were prepared by mixing the necessary
volumes of blank and 10 mM ligand buffers. Purified protein variants were diluted in these buffers

and the fluorescence intensities of each sample were measured in triplicate. The readings were

92



plotted against the ligand concentration on the logarithmic scale, and the data were fitted for the
Ka[332]:

Fmax - Fmin

1 + 10%09kq=XnH

F = Fpin + (2)

The Hill coefficient in equation 2 is constrained to 1 since there is only one ligand binding site and

no cooperative binding is expected.

3.2.3.3 pKa measurements

Buffers spanning a range of pH values (3 to 11) were prepared by addition of HCl or NaOH
to a dual-buffer system of 30 mM trisodium citrate and borax (sodium borate) [331]. To perform
the titration, 1 pL of purified protein was diluted in the buffer series that was either supplemented
with 1 mM L-glutamine for the saturated condition or not for the apo condition. The titrations were
performed in triplicate for each condition, and the measurements were plotted against pH before
fitting the data to the following equation (which is identical to equation 2 but for H") for the pKa:

Fmax - Fmin
F' = Fnin + 1 + 10®Ka—pH)ny 3)

3.2.4 Imaging in mammalian cells

HeLa cells were plated on 35 mm glass bottom dishes until they reached 50% confluency
before transfection in DMEM supplemented with 10% FBS, 2mM GlutaMax (Invitrogen) and 1%
streptomycin-penicillin. Transfections were performed with Turbofect (Thermo Fisher Scientific)
and 1 pg of pENTR4-T{fR-mApple-myc tag-SpyCatcher003, per the manufacturer’s instructions.
The transfection complexes were then incubated with the cells in serum-free DMEM for 2 to 4 h
at 37 °C before being replaced with the growth media for incubation overnight. To tether Qigonl
onto the cell surface, 10 uM of purified SpyTagged Qigonl was incubated with the cells for 10

minutes at room temperature. Protein concentration was measured by alkaline denaturation [329].
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Cells were then washed twice with HHBSS before adding HHBSS for imaging. Expression of
mApple-SpyCatcher003 and tethering were confirmed by imaging in both green and red channels
prior to testing the dynamic range. Time-lapse imaging was performed in the green channel.
Imaging was performed on an inverted Zeiss 200M microscope equipped with OrcaFlash 4.0 —
C13440 (Hamamatsu). Imaging analyses were performed with ImageJ.
3.2.5 Statistics

Statistical tests were performed as described in the text. All statistical analyses were

conducted using the software Prism8 (GraphPad, La Jolla, CA).

3.3 Results and discussion

3.3.1 Protein engineering
3.3.1.1 Engineering of GInH-based indicator

The earliest prototypes for a glutamine indicator were engineered by Abhi Aggarwal, a
former undergraduate in the Campbell lab, using the glutamine binding protein, GInH, from E.
coli, which is the same binding domain used in FLIPQ and the CouA-based FRET sensor [263,264].
GInH undergoes a large conformational change upon binding glutamine at the interface of its two
domains; both open ligand unbound and closed ligand-bound structures had been previously
reported [359,360]. Therefore, it was hypothesized that a genetically encoded glutamine indicator
could be engineered from GInH.

In total, 21 insertion sites were chosen on the basis of the open or closed structures’ B-
factors (9 sites), the difference in B-factors between the open and closed states (3), or visual
inspection (9) (Figure 3-1). The results indicate that the best insertion point was between residues
20 and 21 (Figure 3-2A and B). Optimization of both linkers performed in parallel produced a

variant with ~25% decrease in the presence of L-glutamine (Figure 3-2C).
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Figure 3-1 - GInH insertion sites.

A) Full closed structure of GInH with residues chosen as insertion sites coloured green. B)
Close-up of closed structure of GInH. C) Structural alignment of open (blue) and closed
(yellow) structures. D) Plots of absolute B-factor values against residues for the open (left)
and closed (right) structures with chosen insertion sites numbered in red. E) Plot of the
difference in B-factors against residues with chosen insertion sites indicated by square
rectangles and numbered above. Structure images were generated using PyMol [363] and

the figure was courtesy of Abhi Aggarwal.

My efforts to improve this variant by optimization of the first linker and one round of
directed evolution did not yield improved variants. In the course of this effort, I realized that,
despite the low sequence homology, GInH was structurally homologous with PEBla (Figure

3-3A), the aspartate-glutamate binding protein that we had successfully engineered into an
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aspartate indicator in Chapter 2 [321]. This realization led me to insert cpsfGFP into the analogous
site with respect to the primary sequence (Figure 3-3B); however, even after linker optimization,
my best variant still only showed ~15-20% glutamine-dependent increase in fluorescence

intensity. Consequently, further optimization of this design was not pursued.
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Figure 3-2 - Engineering of first prototypes based on GInH.

A) Results of tests for GInH-cpsfGFP constructs with different insertion points with sfGFP
used as a control. The chosen insertion point, insertion point #9, is highlighted in green. B)
Chosen insertion point (blue) relative to the binding pocket with the ligand bound (orange)
in the closed structure. C) Emission spectra of the best variant after one round of linker
optimization in the presence (solid line) and absence (dotted line) of L-glutamine. Data were

provided by Abhi Aggarwal.
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Figure 3-3 - Alignment of PEB1a and GInH.

A) Alignment of GInH (closed (ID: TWDN); coloured blue to red in a gradient to indicate
relative solvent accessibility) and PEB1a (ID: 2V25; blue). B) Sequence alignment of GInH
and PEB1a. Residues are colored according to the polarity of their side chains. Green
arrows indicate insertion site in PEB1a (A — structure; B — sequence) and orange arrows
indicate insertion site in GInH (A — structure; B — sequence). Conservation at each position

is indicated by the bar graphs at the bottom.

3.3.1.2 Engineering a BpQBP-based indicator
Given our struggles with optimizing the GInH-based indicator, I searched through the PDB

for other glutamine binding domains and found an unpublished structure for a binding protein
(PDB ID: 4F3P) from Burkholderia pseudomallei that was predicted by UniProt (ID: Q3JIF9) to
bind glutamine [361,364]. A structural alignment between PEB1a and this binding domain, which
we refer to as BpQBP (B. pseudomallei glutamine [Q] binding protein), showed that BpQBP
shares a similar structure with PEB1a, and a sequence alignment with PEB1a and GInH revealed

that BpQBP had a greater percentage of sequence identity with GInH at 57% than with PEB1a at
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24% although there are similarities across all three proteins (Figure 3-4). I made four variants
from the analogous insertion site in BpQBP, between Ser204 and Gly205 (numbered according to
the 4F3P structure), varying whether Ser204 and/or Gly205 were kept. Out of the four variants,
only the variant with Ser204 but without Gly205 (Gly443 with cpsfGFP inserted) showed a direct

increase in fluorescence intensity in the presence of glutamine (Figure 3-5).
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Figure 3-4 - Alignment between BpQBP and PEB1a.

A) Alignment of the protein structures of PEB1a (blue; ID: 2V25) and BpQBP (blue, white
and red structure; ID: 4F3P). B) Alignment of the primary sequences for PEB1a, GInH, and
BpQBP. The unstructured signal peptide sequence for PEB1a and the corresponding
residues for the other domains deleted for brevity, and as a result, the residue numbering
for the alignment does not correspond with the numbering in the protein structures. The

consensus sequence, defined as the majority residue at any given position, is shown.
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Insertion points are indicated by matching arrows in both panels; the color scheme for the

sequence is similar to the scheme used in Figure 3-3.

Given that the -strand in which cpsfGFP was inserted is farther from the binding pocket
than in PEBla (Figure 3-4A), I reasoned that further deletions in the second linker may prove
beneficial by bringing cpsfGFP closer to the binding pocket. Indeed, deletion of Asp444 (Asp206
in BpQBP) further improved the glutamine-evoked response to a more promising ~30% increase
(Figure 3-5). Further optimization of the linkers by parallel screening of two libraries in which
either Leu205 and Val206 or Thr440 and Arg441 were randomized led to multiple variants with
improved Fsa/Fapo for glutamine and negligible (or no) response to glutamate (Table 3-1).
Interestingly, all of the improved variants had mutations at the Val206 position. Further screening
of libraries in which Leu205 or Thr440 and Arg441 were randomized using the Asp206 and
Gly206 variants together as template did not lead to improved variants. I then attempted to
optimize the two linker residues closest to cpsfGFP (i.e., Ser207 and Asn439) simultaneously,
using just the Asp206 variant as template in order to reduce library size. From this library, I isolated
an improved variant carrying a Ser207Ala mutation. I then attempted to re-optimize the 206"
position in the hopes of a synergistic effect with Ser207Ala, but this library did not lead to any
improved variants. Indeed, a variant with glycine as the 206™ residue showed a reduced response
to glutamine when combined with the Ser207Ala mutation compared to an aspartate residue in that
position (Table 3-2). This diminished response as a result of the Ser207Ala mutation contrasted
with an earlier variant without the Ser207Ala mutation that showed comparable Fsa/Fapo to

glutamine and a more favorable lack of response to glutamate when compared to a variant that had
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aspartate in the 206" position (Table 3-1 and Table 3-2). Thus, the variant with Asp206 and
Ser207 were designated as Qigonl (Q for glutamine and G for green; Figure 3-5).

Table 3-1 - Dynamic ranges for glutamine and glutamate of different Val206X variants.

Val206X Fsat/ Fapo for glutamine Fisa/Fopo for glutamate
Asp 2.91+0.92 0.92 +£0.03
Gly 2.71+0.09 0.99 +0.02
Ala 2.55+0.17 0.99 +0.05
Met 1.86 +0.08 1.13 +£0.02

All data reported as mean = SD (n = 3).

Table 3-2 - Dynamic ranges for Asp206X variants with Ser207Ala.

Asp206X Foa/Fapo for glutamine n
Asp 3.71+0.32 6
Glu 3.53+0.11 3
Gly 3.17+0.06 3
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Figure 3-5 — Schematic and engineering of Qigon1.

Residues at both linkers are shown above the schematic representations and coloured
according to their domains with grey residues for linkers. Grey residues in brackets
indicate two variants of interest at that stage. Gatepost residues, which are residues at the
interface of the cpFP and binding protein that appear to be crucial for the indicator’s
stability and function, are indicated by the pink and navy circles and the corresponding are

highlighted in the same colours. Schematic is not drawn to scale.

3.3.2 /n vitro characterization

I then performed a systematic characterization of purified Qigonl in vitro. Relative to its
original constituent protein domains, BpQBP and cpsfGFP, Qigonl had four mutations, two of

which are deletions from BpQBP and two point mutations in the linker and cpsfGFP (Figure 3-6).
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Qigonl had an excitation peak 496 nm, which is more red-shifted than EGFP’s excitation peak,
and an emission peak of 511 nm, which are consistent between the apo and saturated states (Figure
3-7A and Table 3-3). Qigon1 had a smaller EC and QY than EGFP, and was therefore significantly
dimmer with 33% of its brightness (Table 3-3). This result was surprising given how vibrantly
green the purified protein was, which looked comparable to the ODIN1 variants (which were ~1.5-
2-fold brighter) at similar concentrations, possibly indicating better folding efficiency. With a
similar QY in the apo and bound states, the change in fluorescence intensity upon ligand binding
was primarily mediated by deprotonation of the chromophore upon binding, as evidenced by the
changes in the ratios of the absorbance spectra at 400 vs. 490 nm and consequently, the ECs.

For the characterization, Qigonl exhibited a modest dynamic range (AF/Fnin = 1.62 +0.05;
n = 3, technical) that was smaller than the results observed during the screening process (Table
3-2 and Table 3-3). This dynamic range is also smaller than the dynamic range of the first
generation of iGluSnFR (AF/Fnin = 4.5) [252]. Qigonl showed good affinity for L-glutamine (K4 =
30.1 uM) (Figure 3-7B and Table 3-3), which was much stronger than the affinity we observed
for ODIN without mutations to the binding pocket (K¢ = 260 uM for ODIN V4) (Chapter 2).
However, this Kq 1s much smaller than the reported concentration of glutamine in the extracellular
fluid (~0.5 to 1 mM) [51], suggesting that Qigonl is likely to be insensitive to physiologically
relevant changes in glutamine concentration. Therefore, further engineering will be necessary to
adjust the K4 to detect changes in glutamine concentration in the extracellular space. Moreover,
though conversions to molarity are difficult due to differences in methodologies, Qigonl’s K¢ may
also be too high for imaging glutamine dynamics in the cytosol with reported concentrations of

~2-8 nmol/mg tissue [51,52]. Qigonl was unresponsive to D-glutamine as well as both L and D
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enantiomers of structurally similar amino acids (i.e., glutamate, aspartate, and asparagine) (Figure
3-7D).

The pH titration revealed that Qigonl underwent a shift in the pK. upon ligand binding,
with a pK, of 5.0 in the apo state and 6.5 in the saturated state (Figure 3-7C and Table 3-3).
Similar to ODIN1, Qigon1 did not appear to reach maximum brightness in the saturated state under
testing and physiological conditions. However, its high pK, may make it suitable for imaging in
the mitochondrial matrix (pH = 7.8) [365]. Aberrations in glutamine dynamics in the mitochondria
have been implicated in cancer cell growth [366]. Regardless, Qigonl showed relatively large

glutamine-dependent changes in fluorescence (i.e., AF/Fi» > 1) over a pH range from 6.5 to 9.
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Figure 3-6 - Sequence alignment of Qigon1.
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Figure 3-7 - Qigon1 /n vitro characterization.

A) excitation (dashed) and emission (solid) spectra of Qigon1. For the glutamine condition,
the measurement was performed in 10 mM L-glutamine. B) K titration of Qigon1. C) pH
titration curves for Qigon1 in the apo and bound states. D) Specificity assay for Qigon1 to
structurally similar amino acids. Fitted values are reported in Table 3-3. Error bars

represent SEM (n = 3; technical).

105



Table 3-3 — Summary of in vitro characterization for Qigonl.

Ex Em
Variant AF/Fuii®  Ka (uM) pKa Brightness® & (M'em™) )
(nm)  (nm)
5.01 [4.86,
30.1 5.1 10,100 200  0.50
1.62 + 5.16]
Qigonla 496 511 [25.2,
0.05 6.54 [6.38,
35.8] 12.7 26,500 £400  0.48
6.70]
EGFP* 488 508 n/a n/a 6.1 375 56,000 0.67

2 Literature values from Cranfill et al. [329].

b Calculated from the emission spectra’s peaks without and with 10 mM L-glutamine.

¢ Brightness is defined as the product of € and ¢.

Top values are for apo state and bottom values were measured with 10 mM L-glutamine.
Measurements are reported as means + SEM (n = 3; technical).

n/a = not applicable.

3.3.3 Imaging in mammalian cells

We have previously demonstrated in Chapter 2 that the SpyTag and SpyCatcher system
[327] enabled the membrane-localized expression of ODINI while retaining its function. In
contrast, it was not possible to obtain functional membrane-localized ODIN1 when expressed with
pMiniDisplay, the conventional vector used for membrane localization (Chapter 2). Therefore,
given the structural homology between the ligand binding domains of ODIN1 and Qigonl, I
expressed Qigonl in E. coli with SpyTag003 at the N-terminus and tethered it to HeLa cells
expressing mApple-SpyCatcher003 for a first test of its function. The results show that Qigonl,
like ODINI, can be successfully localized to the membrane (Figure 1-7A). Furthermore, Qigonl
was shown to be significantly more responsive to 10 mM L-glutamine (AF/Fin =25+ 7%; n =23
cells) while showing no response to my negative control, 10 mM L-glutamate (n =31 cells; Mann-

Whitney U test, p < 0.0001) (Figure 1-7B and C). These results were expected as they mirrored
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the in vitro results showing Qigonl to be responsive to L-glutamine (albeit much less so in cells

than in vitro), but not L-glutamate.
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Figure 3-8 - SpyTagged Qigon1 in HelLa cells.

A) Representative images of cells expressing mApple-SpyCatcher003 on the membrane
and tagged with Qigon1, showing successful tethering and localization to the membrane.
The left and center images were taken in the red and green channels, respectively, and
were merged to generate the composite image. B) Images of cells before (left) and after
(middle) addition of 10 mM L-glutamine. The right figure shows traces of individual cells,
manually labelled as regions of interest in Imaged, and their changes in fluorescence
intensity over time and upon the addition of L-glutamine. C) Response of tethered Qigon1
on the cell surface to 10 mM L-glutamine or L-glutamate (negative control). Qigon1
tethered on the surface showed a significant response to L-glutamine (o < 0.0001, Mann-
Whitney U test). Error bars and values represent SD (n = number of cells; technical

because measurements were taken from cells labelled with one stock of purified Qigon1).
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3.4 Conclusion

Inspired by the results of our aspartate indicator, ODINI, which used a structural
homologue of the glutamine binding domain used in the work described in this chapter, I have
successfully engineered the first single FP-based glutamine indicator, Qigonl. By optimizing the
linker region between the glutamine binding domain and cpsfGFP using saturation mutagenesis, |
engineered a specific glutamine indicator that exhibited a 1.6-fold increase in fluorescence
intensity upon glutamine binding with high affinity. Although smaller than the responses seen in
vitro, Qigon1 still showed a modest response (~25%) to glutamine when expressed on the surface
of cells through the SpyTag and SpyCatcher system. While it still requires further engineering to
increase its dynamic range, brightness, and affinity for use in cells, Qigonl is a step in the right
direction towards engineering a high-performance single FP-based glutamine indicator for use in

in neuroscience and more broadly, cell biology.
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4 Chapter 4 — Red Ca?* indicator based on mRuby3

4.1 Introduction

Calcium ion (Ca”") is one of the most pervasive signalling molecules in cells, where it is
involved in processes ranging from cell differentiation and proliferation to apoptosis [367]. In the
nervous system, its importance is further enhanced as it is an integral component of
neurotransmission and plasticity with a role at different stages [367,368]. Briefly, the arrival of an
action potential at the axon terminals trigger Ca** influx, which, in turn, is necessary for the release
of neurotransmitters into the synapse. Ca®" acts as a second messenger after its entry using Ca*'-
permeable ionotropic receptors, most notably the NMDA receptor, and after activation of GPCRs.
In some cases, Ca®" is even necessary for the activation of effectors further downstream, such as
protein kinase A.

Since the introduction of G-CaMP (a genetically encoded Ca*" indicator that utilized
cpGFP) in 2001 [369], genetically encoded Ca?" indicators (GECIs) have become the preferred
tools for imaging changes in Ca®" dynamics, such as to detect neuronal activation and
neurotransmitter release, for a number of reasons [370]. In addition to their minimal toxicity, GEClIs
can be easily and specifically targeted to desired cell types or organelles with stable expression for
minimally invasive imaging with high spatiotemporal resolution [371,372]. Although the green
GCaMPs (renamed from G-CaMP) represent the archetype of Ca®’ indicator engineering, red
GECIs are inherently more desirable as they exhibit less autofluorescence and their longer
excitation and emission wavelengths induce less phototoxicity while enabling deeper imaging into
brain tissue [331,373]. Moreover, red GECIs can be used concurrently with other green indicators
for simultaneous multicolour imaging of multiple analytes [331,373]. Two main families of red

GECIs have been reported, with the R-GECO (Red Genetically Encoded Ca** for Optical
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Imaging) series [331,374,375] using mApple, a RFP engineered from corals, and the RCaMP series
[373,374] using mRuby, a red FP derived from sea anemones [376]. Here we report our efforts to
engineer an improved RCaMP variant by replacing mRuby with an updated variant, mRuby?3, that
is 47% brighter than mRuby [377].

4.2 Materials and Methods
4.2.1 General

Single-stranded oligonucleotides and double-stranded fragments (gBlocks) were
purchased from Integrated DNA Technologies. Q5 polymerase and Taq polymerase were
purchased from New England BioLabs, while recombinant Taq polymerase was purchased from
Thermo Fisher Scientific. PCR products were confirmed from and purified by agarose gel
electrophoresis followed by extraction with GeneJET Gel Extraction Kits (Thermo Fisher
Scientific). Restriction enzymes and T4 DNA ligase were sourced from Thermo Fisher Scientific
and used according to the manufacturer’s recommendations. Digested PCR products were directly
extracted with GeneJET Extraction kits prior to ligation. In-Fusion HD was used for assembly
reactions and purchased from Takara Bio USA, Inc. Plasmid DNA extractions were performed
with GeneJET Plasmid Miniprep Kits (Thermo Fisher Scientific). Sequencing was performed by
the Sanger method with BigDye (Thermo Fisher Scientific) were carried out by the University of
Alberta’s Molecular Biology Services Unit. Fluorescence measurements were collected on a Tecan
Safire? plate reader, while absorbance readings were collected on a DU-800 UV-Visible
Spectrophotometer (Beckman).

4.2.2 Plasmid construction and directed evolution

4.2.2.1 Plasmid and library construction

Starting template construction. Double-stranded fragments with Xhol and HindIIl

restriction sites on the 5’ and 3’ ends, respectively, were amplified using PCR from a gBlock
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encoding jJRCaMP1b with the cpmRuby sequence replaced with the sequence for cpmRuby3 [377].
This fragment was then digested with Xhol and HindIIl and ligated into a similarly prepared
pBAD/HisB (Thermo Fisher Scientific) vector. The ligation reaction was then used to transform
electrocompetent E. coli DH10B (Invitrogen) and bacteria were cultured overnight on Lennox
Broth (LB) agar plates with 400 pg/mL ampicillin (Thermo Fisher Scientific) and 0.02% (w/v) L-
arabinose (Alfa Aesar) at 37 °C. Plasmids were isolated from single colonies grown in 4 mL LB
cultures supplemented with 100 pg/mL ampicillin and 0.02% L-arabinose and sequenced.

Plasmids for standards and controls. A gBlock encoding mRuby3 was amplified to
append Xhol and HindlIII restriction sites to the 5’ and 3 ends, and the purified PCR product was
digested by Xhol and HindlIII and ligated into digested pBAD/HisB. Similarly, pPBAD-jRCaMP1b
was prepared by cloning a gBlock encoding jRCaMP1b codon-optimized for mammalian
expression to add the restriction sites prior to digestion and ligation into pPBAD/HisB [374].

Domain substitutions. Complete replacements of calmodulin (CaM) or its binding peptide
(RS20) were performed by first amplifying the new domain from a template plasmid as well as the
entire target pBAD plasmid without the sequence to be replaced to generate the insert and
linearized vector, respectively, followed by assembly with In-Fusion. The ckkap domain was
amplified from pBAD-K-GECOI1 (Addgene #105864) [378]. pGP-CMV-jGCaMP7s and pGP-
CMV-jGCaMP7f were a gift from Douglas Kim and GENIE Project (Addgene #104463 and
#104483, respectively), and were used the templates for the domain substitutions [379].

Plasmids for mammalian expression. Plasmids for cytosolic expression in mammalian
cells were inserted into a version of pcDNA3.1(+) (Invitrogen) that has been previously modified
in house to allow for expression of genes in the second reading frame inserted using Xhol and

HindIIl (pcDNA3.1m). Briefly, the pBAD/HisB plasmid harbouring the gene of interest was
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digested and following purification by gel electrophoresis, the insert was ligated into digested
pcDNA3.Im. To prepare mammalian expression plasmids of indicators with the N-terminal
polyhistidine sequence, which had been shown to be crucial for fluorescence and sensor function
at 37 °C in the GCaMP series [380], double-stranded fragments with the N-terminal polyhistidine
tag were amplified by PCR from pBAD carrying the gene of interest to append a minimum of 15
bp of sequence overlap with pcDNA3.1m prior to assembly into digested vector.

Library construction. For random mutagenesis libraries, mutations were introduced into
the template by PCR with Taq under EP conditions (i.e., in the presence of up to 0.15 mM MnCl,
and 4-fold excess of dCTP and dTTP). The purified PCR product was then either digested with
Xhol and HindlIII and ligated into similarly digested pBAD/HisB vector or assembled directly into
the digested vector. For site-directed mutagenesis, QuikChange Lightning Site-Directed
Mutagenesis or QuikChange Lightning Multi Site-Directed Mutagenesis kits (Agilent
Technologies) were used for single or 2-4 mutations, respectively. In these libraries, the NNK (N

=A,G,CorT,K=GorT) codon was used for complete randomization.

4.2.2.2 Library screening in E. coli

E. coli DH10B were transformed with the library and the template plasmid (which served
as controls) and grown overnight at 37 °C on LB agar plates with ampicillin and L-arabinose. The
library was then screened for fluorescence intensity on the plate using a custom imaging system
[328]. During the early stages of engineering, plated libraries were incubated for an additional day
at room temperature and checked at the beginning and end of each day for fluorescence. Colonies
displaying the brightest fluorescence intensity were cultured in 4 mL liquid LB with ampicillin
and L-arabinose overnight at 37 °C followed by another day at either 30 °C or room temperature
before the secondary screen. Once colonies were mostly fluorescent overnight, the second day of

incubation was omitted at both steps. Later stages of engineering involved testing variants with a
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range of fluorescence intensities instead of just the brightness variants in the hopes of improving
the sensor’s other properties. For the secondary screen, proteins were extracted from cells using
B-PER (Thermo Fisher Scientific) and their fluorescence intensities in Ca**-free (30 mM MOPS,
100 mM KCI, 10 mM ethylene glycol -bis(B-aminoethyl ether)-N,N,N’,N -tetraacetic acid
(EGTA), pH 7.2) and Ca*" buffers (30 mM MOPS, 100 mM KCI, 10 mM Ca-EGTA, pH 7.2) were
recorded to determine their dynamic range. Variants showing desired properties (e.g., largest
dynamic range or stronger affinity) were streaked out on plates, re-cultured and re-tested to
determine the final winners of that round. Plasmids were extracted from winning variants,
sequenced and used as the template(s) for the next round of evolution.

After a few rounds, to ensure that the chosen variants were not overly affected by the
detergents present in B-PER, the variants were batch purified by affinity chromatography on a
small scale and tested in triplicate. Briefly, plasmids encoding variants of interest were transformed
into DH10B and three single colonies were used to inoculate three 4 mL cultures of LB with
ampicillin and L-arabinose. Proteins were extracted from bacteria using B-PER, and the
supernatant was separated from the pellet and incubated with 50 pL of Ni-NTA resin for at least
30 min. The beads were then washed once with 1x TBS wash buffer (50 mM Tris-Cl, 150 mM
NacCl, 20 mM imidazole, pH 8.0) and eluted with 1x TBS elution buffer (50 mM Tris-Cl, 150 mM
NacCl, 250 mM imidazole, pH 7.8). Beads were collected by centrifugation and the supernatant
was aspirated in between each step. The purified protein was then diluted into Ca**-free and Ca®"
buffers and the fluorescence measurements for each state were used to determine the dynamic

range.
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4.2.3 In vitro characterization
4.2.3.1 Protein expression and purification

Plasmids harbouring the gene for the protein of interest were transformed into DH10B E.
coli and grown on LB agar supplemented with ampicillin and L-arabinose overnight at 37 °C.
Single colonies were then used to inoculate 500 mL of LB with 100 pg/mL ampicillin and 0.02%
L-arabinose, and the culture was shaken for at least 24 h at 37 °C and 225 rpm. If necessary,
cultures were given another dose of ampicillin and shaken for an additional day at 30 °C or room
temperature. Bacteria were harvested by centrifugation, resuspended in 1x TBS, and lysed by
sonication. The mixture was then clarified by centrifugation, and the cleared lysate was incubated
with Ni-NTA resin for at least 1 h with gentle shaking. The lysate-resin mixture was transferred to
a column and washed with at least three packed column volumes of 1x TBS wash buffer prior to
elution with 1x TBS elution buffer. The purified protein was then concentrated and then buffer
exchanged to 30 mM MOPS, 100 mM KCI buffer (pH 7.2) using 10 kDa centrifugal filter units

(Millipore). All steps of the extraction and purification were carried out at 4 °C or on ice.

4.2.3.1.1 Spectral characterization

Brightness is defined as the product between EC and QY.

Determination of ECs. ECs for RCaMP variants were determined by collecting the
absorbance spectra from 200 to 800 nm for each variant in both apo and saturated states in
triplicate. Because the numbers and positions of tryptophans between jJRCaMP1b and RCaMP3
are identical, each absorbance spectrum was normalized to A280. The ECs for RCaMP3 in both
states were calculated from the ratios of each state’s average peak for the deprotonated
chromophore to that of the saturated jRCaMP1b peak and the reported EC (EC = 53,400 M"'cm™)

[374].
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Determination of QYs. Previously described protocols, with mRuby3 as the standard,
were used to determine the QYs [329,331]. Two dilution series using Ca**-free and Ca®" buffers and
the corresponding samples from the EC measurements for each protein were prepared such that
the peak absorbance of the most concentrated sample was equal to, or less than, 0.05. The emission
spectrum was collected from 540 nm to 775 nm with an excitation wavelength of 525 nm, and the
total fluorescence intensity for each dilution was integrated. For each series, the total intensity was
plotted as a function of the absorbance the slope of each line (m) was calculated. Using QY of 0.45

for mRuby3 [377], QY's were calculated with the following equation:

_ mprotein
(pprotein = @standard X (1)
standard

4.2.3.1.2 Affinity measurements

Buffers were prepared by mixing the appropriate volumes of Ca?*-free and Ca®" buffers
[381]. Protein was diluted into a series of buffers with free [Ca**] ranging from zero to 39 uM, and
the fluorescence intensities of the protein in each solution were measured. The readings were
plotted against the free [Ca%*] on a logarithmic scale, and the data were fitted to equation 2 for the
Kq and apparent Hill coefficient (nn):

Fmax - Fmin

1 + 10U%09kq=X)nu

F = Fpn + (2)

4.2.3.1.3 pKa measurements

Thirty millimolar trisodium citrate and borax buffers were adjusted with HCl and NaOH
to prepare a series of buffers with pH ranging from 3 to 11. Concentrated protein was then diluted
into 96-well plates containing these buffers, which were also supplemented with either EGTA or

CaCl, to a final concentration of 2 mM for the Ca?*-free and Ca" conditions, respectively. The
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total volume in each well was 100 puL. The fluorescence intensities were measured in triplicate,
and the readings were plotted against pH. Due to possible protein degradation at pH 10 or 11,
measurements showing significant decreases under these conditions were excluded before the data
were fitted to equation 2 for H" with the Hill coefficient constrained to 1 to get the pKa:

Fmax - Fmin (3)

F'= Fnn + 1 + 10®Ka—pH)ny

4.2.4 Imaging in mammalian cells

HeLa cells were seeded onto 35 mm glass bottom dishes and cultured in growth media
(DMEM supplemented with 10% FBS, 2 mM GlutaMax (Invitrogen) and 1% streptomycin-
penicillin). Cells were transfected when they reached 50% confluency using Turbofect (Thermo
Fisher Scientific) and 1 pg of DNA, according to the manufacturer’s instructions. The transfection
complexes were incubated with the cells in serum-free DMEM for 2 to 3 h at 37 °C before being
replaced with growth media for incubation. Cells were incubated for at least 20 h prior to imaging.

Imaging was performed following previously established protocols [370]. Immediately
prior to imaging, cells were washed twice with pre-warmed HHBSS with Ca?" and Mg?* before
adding HHBSS for imaging. After collecting a baseline for ~90 s, Ca®" oscillations were induced
by the addition of histamine to 50 uM final concentration and imaged for at least 20 minutes.
Ionomycin calcium salt dissolved in 1:1 DMSO:HHBSS was added for a final ionomycin
concentration of 5 uM around the 25 min mark. After ~2 min, EGTA was added for a final EGTA
concentration of 2 mM. Imaging was performed on an inverted Zeiss 200M microscope equipped
with OrcaFlash 4.0 — C13440 sCMOS camera (Hamamatsu). Image processing and analyses were
performed with Imagel. During processing, all images from a given channel for a dish were

uniformly enhanced for brightness and contrast as necessary for visibility.
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4.3 Results and discussion

4.3.1 Protein engineering
The first prototype for this mRuby3-based Ca?" indicator, denoted as RCaMP3-v1 (3 for

mRuby3), was constructed by replacing the cpFP of jJRCaMP1b, which utilized cpmRuby, with
cpmRuby3 (cp at Asnl43 and the original N- and C-termini fused with a flexible Gly-Gly-Gly-
Thr-Gly-Gly-Ser linker; numbered according to the crystal structure of mRuby (PDB: 3UOM)
[373]) (Figure 4-1A) [374]. This circular permutation position was the equivalent position in
cpmRuby, and the Met-Asn-Ser residues from the parent eqFP611 and mRuby [376] that were
replaced by the universal Met-Val-Ser-Lys-Gly-Glu-Glu linker residues added in mRuby?2 (and
most other engineered FPs) were restored [382]. E. coli transformed with this construct required
almost 48 h (overnight at 37 °C followed by another day of incubation at room temperature) before
fluorescence, albeit dim, could be reliably observed. In addition, the extracted protein only showed
amodest 20% decrease in fluorescence intensity when Ca*" was added (Figure 1-1C). We attribute
this poor expression and loss of function to the combined effect of the 26 mutations that distinguish
jRCaMP-derived cpmRuby from cpmRuby3 (Figure 4-1A)

With a focus on improving apparent brightness to facilitate screening, I performed eight
rounds of iterative directed evolution, combining beneficial mutations when possible and pooling
the best variants to be used as the next round’s template if no single variant was the clear winner,
to produce RCaMP3-v10, an inverse-response indicator with Fmax/Fmin of ~7 (Figure 4-1B and C).
During linker optimization, I identified a variant, where the second linker had Thr to Ile and Asp
to Val mutations, that reversed the response, albeit at the cost of half the dynamic range and
brightness. A modeled structure with these mutations suggested that the hydroxyl group of the
threonine residue from jJRCaMP1b was sufficiently close to the chromophore to possibly form a

hydrogen bond while the isoleucine residue could not and is, therefore, more likely to stabilize the
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neutral form (Figure 4-2). We suspect that in the Ca®"-bound state of the direct response variant,
the isoleucine residue, which likely stabilized the neutral form, moved away from the
chromophore, favouring the formation of the anionic form and increasing the fluorescence
intensity. Iterative optimization of each residue of the first linker followed by seven rounds of
directed evolution produced RCaMP3-v16, a direct indicator with Fsa/Fapo of ~15 (Figure 4-1C).
Over the course of these late rounds of engineering, a common scenario I encountered is that
variants with improved dynamic ranges had weak affinities for Ca**, often in excess of 1 uM.
Efforts to increase affinity by reverting mutations were accompanied by large losses in dynamic

range; thus, these variants were abandoned.
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Figure 4-1 — mRuby3 mutations and directed evolution of RCaMP3.0.

A) Crystal structure of mRuby (PDB: 3UOM) highlighting the mutations (blue) between the
FP domain in jJRCaMP1b and mRuby3 [373]. One residue, Gly223, was unstructured and
not shown. B) Schematic representation of RCaMP3 engineering. Residues at both linker
interfaces are shown above the schematic representations (i.e., purple residues belong to

RS20, grey residues are linker residues, red residues are part of comRuby3, and yellow
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residues are part of CaM. Gatepost residues are indicated by pink and navy circles.
Schematic is not to scale. C) Graph showing the dynamic ranges of key variants over the
course of engineering. Bars indicate mean values, and individual data points are shown.
jJRCaMP1b is shown for comparison in grey, and the final variant, RCaMP3-v16 (now
called RCaMP3.0), is coloured differently. All variants were batch purified with Ni-NTA.

Error bars represent SEM.
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Figure 4-2 — Effect of Thr and lle on the chromophore

Modelling of the second linker residues suggested that in the Ca**-bound state, the Thr
residue (which was carried over from jRCaMP1b) is closer to the chromophore than the lle
residue. In FPs, the fluorescent form of the chromophore (shown on the right side) is the
deprotonated form, where the resulting negative charge is delocalized over the conjugated
system (red glow). We propose that the greater distance between the chromophore and lle

promotes the deprotonation of the chromophore.
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Initial characterization of RCaMP3-v16 showed that it had a Kq of 1.1 uM, which is
somewhat comparable to the published value for jRCaMP1b but much higher than other Ca**
indicators [331,374,378,379]. In an effort to strengthen its affinity, we adopted the strategy employed
by Inoue et al. and replaced the RS20 peptide in RCaMP3-v16 with the rat CaM-dependent kinase
kinase peptide (ckkap) from K-GECO1 [378,383]. Like RCaMP3-v1, this ckkap-based construct
required two days for fluorescence to be observed but also had no observable response to Ca*".
Screening one library for optimizing the linker between the ckkap peptide and cpmRuby3 as well
as another library with the GCaMP6 CaM mutations introduced by Inoue et al. [383] produced a
dim variant with a 40% decrease in baseline fluorescence. I suspect that over the course of
engineering RCaMP3, I had introduced mutations that were detrimental for a ckkap-based design
and did not pursue this design further. Next, I attempted replacing either just the CaM domain or
both RS20 and CaM of RCaMP3 with the corresponding domains from jGCaMP7f (fast) and
JGCaMP7s (sensitive and slow), two of the latest variants from the GCaMP series [379]. JGCaMP7f
and jGCaMP7s share the Ala317Leu mutation but differ on Ala52 (Val in jGCaMP7s) in RS20,
as well as Arg381, Thr383, and Gly392 (Thr, Ser, and Arg, respectively, in jGCaMP7{) in the
CaM. With respect to performance, relative to jGCaMP7s, jGCaMP7f had faster on and off
kinetics at the cost of dynamic range (Fsa/Fapo = 30.2 for JGCaMP7f vs. 40.4 for jJGCaMP7s), and
affinity (K¢ = 174 nM for jGCaMP7f vs. 68 nM jGCaMP7s). After overnight incubation, all the
constructs were, again, dimmer than RCaMP3-v16, and the best construct was the one with RS20
from jGCaMP7s and CaM from jGCaMP7f , with the B-PER-extracted protein showing a ~60%
increase in fluorescence intensity upon Ca** addition and brighter fluorescence than jGCaMP7s-
cpmRuby3, which had a similar response. To recover the lost performance, I performed one round

of directed evolution followed by linker optimization to produce a variant that showed almost a 3-
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fold increase in fluorescence intensity after Ca** was added, which is still significantly smaller
than the dynamic range of RCaMP3-v16. Thus, RCaMP3-v16 was chosen for further

characterization and designated as RCaMP3.0.

4.3.2 In vitro characterization

There were 25 mutations introduced into RCaMP3-v1 to produce RCaMP3.0 (previously
referred to as RCaMP3-v16 during engineering; Figure 4-3A and Figure 4-4), with two positions,
89 and 269, mutated twice — once when cpmRuby in JRCaMP1b was replaced by cpmRuby3 and
again during engineering. The excitation and emission peaks for RCaMP3.0 were slightly red-
shifted in the apo state (565 and 598 nm, respectively) relative to the saturated state (555 and 590
nm) (Figure 4-3B and Table 4-1). With brightness defined as the product between the EC and
QY, RCaMP3.0 was significantly dimmer than both jRCaMP1b and mRuby3 as a result of both
smaller ECs and QYs. Due to the formation of a peak at approximately 380 nm upon alkaline
denaturation and taking advantage of the conserved number and positions of tryptophan residues
between RCaMP3.0 and jJRCaMP1b, the EC for RCaMP3.0 was measured by comparing the ratios
of the deprotonated chromophore peaks against that of the saturated jJRCaMP1b peak. RCaMP3.0
had a larger EC in the apo state (39,300 M™' cm™) than in the saturated state (32,200 M! cm™),
which is 60% of jJRCaMPI1b’s in the saturated state. Despite the larger EC in the apo state,
RCaMP3.0 is extremely dim in the apo state (brightness = 0.51) due to the extremely small QY in
the apo state (O = 0.013). My measured QY for jRCaMP1b in the saturated state was slightly
different than the reported value, but this is likely due to the different methodologies used.
Regardless, the quantum yield for RCaMP3.0 in the saturated state was approximately half of both

mRuby3 and jRCaMP1b.
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RCaMP3.0 had a larger dynamic range (F'sat/Fapo = 16.3 + 0.6) compared to JRCaMP1b but
had a weaker affinity for Ca?* than jRCaMP1b (Kq = 1.1 uM for RCaMP3.0 vs. 742 nM for
jRCaMP1b). Relative to other red GECIs, RCaMP3.0 showed a similar dynamic range to R-
GECO1 and R-CaMP1.07 but larger than all the original RCaMP1 variants, jJRGECO1la and
JRGECO1b, RCaMP2, XCaMP-R, and K-GECO1 [331,373,374,378,383,384]. However, except for
most RCaMP1 variants, which also had a K4 greater than 1 uM, RCaMP3.0 had a weaker affinity
for Ca?" than the other red GECIs. For GECIs, the Hill coefficient is a measure of cooperativity
for CaM binding Ca?*, with a value greater than 1 indicating cooperative binding (i.e., Ca*>" binding
facilitates binding of other Ca** ions). RCaMP3.0 had a larger Hill coefficient (ny = 1.81) than
jRCaMP1b, indicating that RCaMP3.0 bound Ca** with more cooperativity than jRCaMP1b. With
the notable exception of jRCaMPla, which had a Hill coefficient smaller than 1, this Hill
coefficient for RCaMP3.0 is comparable to other RS20-based GECls, which can range from ~1.2
(for R-CaMP2, which was specifically engineered to have a Hill coefficient close to 1) to ~3 (for
some RCaMP1 variants) [331,373,374,379,383]. GECls utilizing ckkap as the CaM binding peptide
instead of RS20, such as K-GECO1 and XCaMPs, have Hill coefficients closer to 1, indicating
more independent binding [378,384]. My results indicated that RCaMP3.0 has an optimal pH range
of approximately 6.5 to 9 (Figure 1-3D). RCaMP3.0 was more pH sensitive than jJRCaMP1b with
a pKa of 5.8 in the saturated state, but the pK, was not determined for the apo state due to the
quenching observed at pH greater than 7. Our measured pKa for the apo state of JRCaMP1b (pKa
=4.5) likely differed from the reported value (pKa.= 6.4) as a result of the lack of quenching at pH

7 and greater that was observed with RCaMP3.0.
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Figure 4-3 - RCaMP3.0 /n vitro characterization.

A) Schematic representation and modeled structure of RCaMP3 using the previously
published structure of RCaMP (PDB: 3UOK) [373]. Domains in structure are coloured as in
schematics, with mutations relative toRCaMP3-v0 coloured in green. Specific mutations in
each domain are indicated in the table, where one mutation, Lys371Gilu, is part of the
unstructured region in CaM. Green spheres indicate bound Ca?*. B) Excitation (dashed)
and emission (solid) spectra of RCaMP3. Black lines show the spectra in the apo state,
and red lines are for the saturated state. C) Agtitration of RCaMP3.0. Error bars represent
SEM (n = 3; technical). D) pH titration of RCaMP3.0 (left) and jRCaMP1b (right). The red
lines show the fit for the bound states while the black line shows the fit for the apo state for
JRCaMP1b. Fitted values are shown in Table 4-1. Error bars represent SEM (n = 3;

technical).
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Figure 4-4 - Sequence alignment of jRCaMP1b, comRuby3, and RCaMP3.0.
Sequence alignment for jJRCaMP1b [374], comRuby3, and RCaMP3.0. Residues are
coloured according to polarity. Chromophore-forming residues are indicated by a black

box. A bar chart for each position indicates residue conservation at that position.
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Table 4-1 - In vitro characterization of RCaMP3.

Variant  Excitation Emission AF/Fuii®  Ka Hill Brightness? e (M- L) pKa.
(nm) (nm) (nM) coefficient  (x1000) lem™)
(nn)
mRuby3! 562 589 n/a n/a n/a 51.1(57.6) 114000 045 5.0 (4.8)
(128,000)
51.1(57.6) 113,700 045 5.1(458)
(128,000)
RCaMPIb* 574 607 79+03 742  134(1.60 38(38)  (25300) 0.15 45 (64)
62+ (712+  +£0.01) (0.15)
578 597 0.1) 9) 24(278) (53400) 042  5.0(55)
(0.52)
RCaMP3.0° 574 598 163+ 1120 1.81 0.51 39,300 0.013 n.d.
552 590 0.6 [1100, 7.1 32,200 0.22 5.8
1150] [5.7,6.0]

'Values in parentheses are from Bajar et al. [377].
2 Calculated from the peaks of the emission spectra.
3 Brightness = ¢ X @.

#Values in parentheses are from Dana et al. [374].

3 Square brackets indicate 95% confidence intervals.
Top values are in Ca?*-free state and bottom values in Ca?" state.
n/a = not applicable. n.d. = not determined.

All measurements were made in triplicate. Errors represent SEM.

4.3.3 Imaging in mammalian cells

Following characterization of its performance in vitro, RCaMP3.0’s performance in HeLa
cells was tested. Cells transfected with pcDNA3.1m-jRCaMP1b or RCaMP3.0 showed expression
in the cytosol; however, these cells were unresponsive to both histamine and ionomycin. Over the
course of engineering GCaMP2, it was discovered that the polyHis RSET sequence at the N-
terminus, similar to the leader sequence found in pBAD and normally just used for purifying

protein from bacteria, was critical for maintaining fluorescence at 37 °C and has since been kept
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in every GCaMP variant [379,380]. Since the RCaMP series was initially engineered from the
GCaMP scaffold [373], it is possible that re-insertion of this sequence may restore function. Indeed,
HeLa cells transfected with pcDNA3.1m-6His-jJRCaMP1b were responsive to both histamine,
triggering Ca** oscillations (with max AF/Fumin of ~70%) , and ionomycin (AF/Fmin~100%) (Figure
4-5A). Over the course of the imaging session, however, substantial photobleaching of JRCaMP1b
was observed.

For testing RCaMP3.0, one part (~250 ng) of pGP-CMV-jGCaMP7s (Addgene #104463;
[379]), which served as an internal control, was co-transfected with 3 parts (~750 ng) of
pcDNA3.1m-6His-RCaMP3.0. Both indicators were expressed throughout the cytosol, indicating
good expression (Figure 4-5B). However, RCaMP3.0, like jJRCaMP1b, showed substantial
photobleaching while jGCaMP7 had minimal photobleaching after 30 min. Moreover, while
JGCaMP7s had a max AF/Fmin of ~50% during histamine treatment and ~200% after the addition
of ionomycin, RCaMP3 had much smaller responses with AF/Fuin of just ~65% even after
ionomycin treatment. While these responses were unexpected given the in vitro results, it is likely
that the smaller responses observed with RCaMP3 relative to jJRCaMP1b during histamine
treatment were due to the RCaMP3’s weaker affinity for Ca?>" (Kq = 1.1 uM for RCaMP3 vs. 740
nM for jRCaMP1b). The Ca®" concentration in cells was reported to peak at ~1 puM, thus
preventing the saturation of RCaMP3 [385]. Given these results and evidence suggesting that the
cytosolic concentration of Ca** in neurons are 50 to 100 nM at rest before rising anywhere from
10 to 100 times upon stimulation [367,386], RCaMP3, in its current form, would be unsuitable for
imaging Ca®" dynamics in neurons. Instead, it may have future applications in imaging Ca*"

dynamics in mitochondria, which, at peak levels, can have Ca®" concentrations up to 100 pM [385].
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However, in its current form, the modest response observed with RCaMP3 even after ionomycin

treatment (AF/Fmin ~65%) may hinder its use.
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Figure 4-5 - Performance of His-tagged RCaMP3 in Hela cells.

A) Representative image (top) of Hela cells transfected with pcDNA3.1m-6His-jRCaMP1b.
Representative traces of cells (bottom) for manually defined regions of interest indicated by
yellow circles. Each trace indicates one cell. Additives are indicated by arrows (His =
histamine; 1/Ca®* = ionomycin/Ca?*). B) (Top) Representative images of Hela cells co-
transfected with pGP-CMV-jGCaMP7s (left) and pcDNASG.1m-6His-RCaMP3.0 (middle)
with merged images generating the composite image (right) with individual traces of cells
(bottom). Regions of interest are defined by yellow circles. Red traces (left y-axis) are for
RCaMP3.0 and green traces (right y-axis) are for GCaMP7s; added reagents are depicted

by arrows as in A.

128



4.4 Conclusion

In an effort to capitalize on the significantly improved brightness of new RFPs, I
engineered a new red GECI by replacing the cpmRuby of jJRCaMP1b with its updated version,
cpmRuby3. Though the initial construct was extremely dim and slow to fold, I was able to rescue
its performance and engineer RCaMP3. a variant showing a 15-fold increase in fluorescence
intensity upon binding Ca*' in vitro, doubling the fluorescent response of jRCaMP1b.
Unfortunately, despite extensive engineering, RCaMP3 remained significantly dimmer than
jRCaMPI1b with a weaker affinity, which negatively impacted its performance in HeLa cells.
Although its dynamic range is an improvement, further engineering of RCaMP3, focusing on
increasing both its brightness and affinity, is necessary to produce a new indicator that would be
useful for imaging Ca?" dynamics in neurons. Given its properties, however, RCaMP3 might
instead be suitable for imaging Ca** dynamics in the mitochondria, and further experiments are

needed to test its performance in the mitochondria.
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5 Chapter 5 — Far-red Ca?*indicators based on mKelly2

5.1 Introduction

Mammalian tissues have an “optical window” between 600 nm and 1300 nm in which light
has maximum penetration depth [387,388]. This wavelength range falls between the absorbance
profile of hemoglobin which predominates at wavelengths below 600 nm and the absorbance
profile of water which predominates at wavelengths greater than 1300 nm. Because of the greater
tissue penetration of photons in this wavelength range, fluorescent probes that absorb and excite
efficiently within the optical window are highly desirable for in vivo imaging, especially when
used in combination with multiphoton microscopy [389]. In addition to this advantage, fluorescent
probes with longer wavelengths also provide less phototoxicity and autofluorescence, reduced
crosstalk with green fluorescent indicators, as well as better potential compatibility with blue-cyan
light activated optogenetics tools.

Practical realization of the potential advantages of fluorophores that excite and emit within
the optical window has been a driving force for molecular tool engineers to shift the excitation and
emission wavelengths of genetically-encodable fluorophores, such as RFPs, into the far-red region
of the spectrum. This longstanding effort has yielded a plethora of far-red FPs (Figure 5-1A) with
emission maxima (Aem) over 620 nm [390]. Efforts in creating red-shifted RFPs from mushroom
coral (Discosoma species) RFP family yielded mRaspberry (maximum excitation wavelength (Aex)
~ 598 nm, maximum emission wavelength (Aem) ~ 625 nm), mPlum (Aex ~ 590 nm, Aem ~ 649 nm),
mGrape (hex ~ 608 nm, Aem ~ 646 nm), E2-Crimson (Aex ~ 611 nm, Aem ~ 646 nm, tetrameric), and
RDSmCherry (Aex ~ 600 nm, Aem ~ 630 nm) [391-394]. The bubble-tip anemone (Entacmaea
quadricolor) RFP family has become more prolific with the engineering of eqFP578-derived

mKate (Aex ~ 588 nm, Aem ~ 635 nm), mKate2 (Aex ~ 588 nm, Aem ~ 633 nm), mNeptune (Aex ~ 600
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nm, Aem ~ 650 nm), TagRFP657 (Aex ~ 611 nm, Aem ~ 657 nm), mCardinal (Aex ~ 604 nm, Aem ~
659 nm), and mMaroonl (Aex ~ 609 nm, Aem ~ 657 nm) [392,395-398] along with the eqFP611-
derived mGarnet (Aex ~ 598 nm, Aem ~ 670 nm) and mGarnet2 (Aex ~ 598 nm, Aem ~ 671 nm)
[399,400]. More recently, further monomerization of mCardinal resulted in two truly monomeric
far-red FPs, mKellyl (Aex ~ 596 nm, Aem ~ 656 nm) and mKelly2 (Aex ~ 598 nm, Aem ~ 649 nm)
[401].

Genetically-encodable fluorophores can be engineered into genetically encoded indicators.
One of the most important examples are the GECIs which can be used for detection and imaging
of neuronal activity. Currently, the GFP-based GECI GCaMP series are the most commonly used
GECIs for neuronal imaging [379,402]. However, red-shifted GECIs would enable imaging deeper
into the brains of model organisms such as mice and adult zebrafish. Yet another advantage is that
red shifted GECls are spectrally orthogonal to most optogenetic actuators, which generally require
blue to green light for activation. The combination of spectrally orthogonal indicators and
optogenetic actuators enables researchers to control and monitor the neuronal activity
simultaneously [403-405].

The latest generation of red GECls for neuronal activity detection include jJRCaMP1a/b,
JRGECO1la, K-GECO1, and XCaMP-R, all with single-photon excitation and emission peaks
outside of the optical window [331,374,378]. Among currently available RFP-based GECls, the most
red-shifted variant that uses a FP with an autocatalytic chromophore is CAR-GECO1 (Aex ~ 560
nm, Aem ~ 609 nm) [403]. Further down to the red end of the spectrum, biliverdin-binding protein-
based near-infrared GECI indicator NIR-GECO1 has been recently reported; however, NIR-
GECOI1 uses a cofactor-dependent FP that requires bound biliverdin to act as the chromophore

[405]. To the best of our knowledge, there have been no published reports to date of far-red
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fluorescent GECI that is analogous to the autofluorescent FP-based GCaMP series of Ca*’
indicators, leaving a gap in the spectral palette of available GECls.

To expand the spectral palette of RFP-based GECls into the far-red optical window we
have developed intensiometric far-red fluorescent GECls, FR-GECO1la (Aex ~ 596 nm, Aem ~ 642
nm) and FR-GECOIc (Aex ~ 596 nm, Aem ~ 646 nm). These genetically encoded far-red calcium
indicators will open new avenues for multicolour Ca** imaging in combination with other
optogenetic indicators and actuators, as well as functional Ca** imaging in deep tissue in vivo.

5.2 Materials and Methods
5.2.1 General

Synthetic DNA oligonucleotides and double-stranded fragments (gBlocks) were sourced
from Integrated DNA Technologies. CloneAmp HiFi PCR Premix and Q5 polymerase were used
for high fidelity PCRs, and were purchased from Takara Bio USA, Inc. and New England BioLabs,
respectively. Taq polymerase was purchased from Thermo Fisher Scientific. PCR products were
purified by preparative agarose gel electrophoresis and extracted with GeneJET Gel Extraction Kit
purchased from Thermo Fisher Scientific. Restriction enzymes and T4 DNA ligase were purchased
from Thermo Fisher Scientific and used according to the manufacturer’s recommended protocols.
Digested PCR products were extracted with the GeneJET Gel Extraction Kit before ligation. In-
Fusion HD was purchased from Takara Bio USA, Inc. and used for assembly reactions. Plasmid
DNA extractions were performed with GeneJET Plasmid Miniprep Kits (Thermo Fisher
Scientific). Sanger sequencing reactions were performed by the Molecular Biology Services Unit
at the University of Alberta. Fluorescence measurements were performed on a Safire? plate reader
(Tecan), while absorbance measurements were collected on a DU-800 UV-Visible

Spectrophotometer (Beckman).
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5.3 Plasmid construction and directed evolution

5.3.1 Plasmid and library construction
Staring template construction. Double-stranded DNA encoding for K-GECO1 [378], with

its cpFP replaced with cpmKelly2 [401], was commercially synthesized with overlapping
sequences with pPBAD/HisB (Thermo Fisher Scientific) in the 5° and 3’ directions to facilitate
insertion between the Xhol and HindIII sites of the vector. This fragment was then assembled into
pBAD/HisB vector digested with Xhol and Hindlll, transformed into electrocompetent E. coli
strain DH10B (Invitrogen), and incubated overnight on LB agar plates supplemented with 400
pg/mL ampicillin (Thermo Fisher Scientific) and 0.02% (w/v) L-arabinose (Alfa Aesar) at 37 °C.
Plasmids were isolated from single colonies grown in 4 mL liquid LB cultures with 100 pg/mL
ampicillin and 0.02% L-arabinose, and sequenced by Sanger sequencing.

Library construction. To generate random mutagenesis libraries, mutations were
introduced into the construct by EP-PCR amplification with Taq polymerase in the presence of
MnCI2 (varies; up to 0.15 mM) and a 1:5 ratio of dATP and dGTP to dCTP and dTTP [325,326].
The purified PCR product was then assembled into digested pPBAD/HisB vector, as before. On the
other hand, site-directed mutagenesis libraries were generated by PCR amplification with high
fidelity polymerases and primers carrying the codons for the desired mutations followed by Dpnl
digestion. The NNK (N =A, C, Gor T, K= G or T) codon was used for complete randomization.
For mutations at just one position, amplification was performed with the CloneAmp HiFi PCR
Premix, while libraries with mutations at multiple locations were generated by QuikChange
Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies).

Plasmids for mammalian expression. Genes encoding FR-GECO1 and FR-GECOlc¢
were amplified by high-fidelity PCR using primers that add vector homologous sequences to the

5’ and 3’ end and assembled into linearized pcDNA3.1/Puro-CAG-ASAP1 to replace the gene

133



encoding for ASAP1 (Addgene #52519; [406]). pcDNA3.1/Puro-CAG-ASAP1 was amplified by

PCR such that the gene for ASAP1 was excluded.

5.3.1.1 Library screening in E. coli

Libraries were transformed into DH10B E. coli and cultured on LB agar plates
supplemented with ampicillin and L-arabinose, as described earlier. The E. coli colonies expressing
the library were then screened on the plate on the basis of fluorescence intensity using a custom
imaging system described previously [328]. Colonies displaying the highest fluorescence intensity
were then cultured in 4 mL liquid LB with ampicillin and arabinose overnight at 37 °C. Proteins
were then extracted from cells using B-PER (Thermo Fisher Scientific) and subjected to a
secondary screen by measuring their fluorescence intensities in Ca*'-free (30 mM 3-(\V-
morpholino)propanesulfonic acid (MOPS), 100 mM KC1, 10 mM EGTA, pH 7.2) and Ca?" buffers
(30 mM MOPS, 100 mM KCl, 10 mM Ca-EGTA, pH 7.2) to determine their dynamic range.
Plasmids for variants showing the largest dynamic range and highest fluorescence intensities were
extracted, sequenced, and used as the template(s) for the next round of evolution.

5.3.2 In vitro characterization

5.3.2.1 Protein expression and purification

The pBAD/HisB plasmid carrying the gene encoding for the protein of interest was
transformed into electrocompetent DH10B E. coli and grown on solid media. Single colonies from
the transformed bacteria were then used to inoculate 4 mL of a starter culture supplemented with
ampicillin and L-arabinose that was then shaken at 225 rpm in 37 °C overnight. The starter culture
was added to 500 mL of LB with 100 pg/mL ampicillin and the culture was shaken at 37 °C. After
4 h, 0.02% L-arabinose is added to induce expression, and the culture is shaken for another 4 h at

37 °C before harvesting the bacteria by centrifugation. Bacteria were then resuspended in 1x TBS

(50 mM Tris-HCI, 150 mM NacCl, pH 7.5), and lysed by sonication. The lysate was clarified by
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centrifugation and the cleared lysate was incubated with Ni-NTA resin for at least 1h. Resin bound

to protein was washed with TBS wash buffer (1x TBS with 20 mM imidazole, pH 8.0) followed

by elution with TBS elution buffer (1 x TBS with 250 mM imidazole, pH 7.8). The purified protein
was then left at room temperature overnight to facilitate protein folding and chromophore
maturation before concentrating and buffer exchanging into 1 x TBS using 10 kDa centrifugal filter
units (Millipore). All steps were carried out at 4 °C or on ice.

5.8.2.2 Spectral characterization

Brightness is the product of the EC and the QY.

EC determination. ECs of FR-GECO variants were measured using the alkali
denaturation method [329]. Briefly, purified protein for each FR-GECO variant was diluted in
NaOH, Ca?*'-free (30 mM MOPS, 100 mM KCI, 10 mM EGTA, pH 7.2), and Ca?" buffer (30 mM
MOPS, 100 mM KCl, 10 mM Ca-EGTA, pH 7.2), and the absorption spectrum for each sample
was collected. Because the same amount of protein was used for each set of measurements for
each protein, the concentration of protein present in each sample can be calculated according to
Beer’s Law and the previously reported EC of 44,000 for the absorbance peak around ~ 450 nm,
which corresponds to the denatured tyrosine-based chromophore [329,407]. Further application of
Beer’s Law with the calculated concentration for each variant yields the EC in the saturated and
Ca?'-free states. Measurements were performed in triplicate and the results were averaged.

QY determination. Determination of QY was performed according to previously
established protocols using mKelly2 as the standard [328,331,401]. For each protein, a series of
diluted samples were prepared in Ca?'-free and Ca®" buffer from the samples used for EC
measurements such that the peak absorbance was equal to, or less than, 0.05. For each dilution

series, the emission spectra were collected from 590 to 750 nm with an excitation wavelength of
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570 nm. The total fluorescence intensities for each dilution were integrated, plotted against the
absorbance, and the slope of each line (m) was calculated. QYs were then calculated using the

published QY for mKelly2 (QY = 0.18; [401]) and according to the equation:

_ mprotein
(pprotein = @standard X
Mstandard

5.3.2.3 Affinity and pKa measurements

K. determination. Buffers for the K4 determination, with free [Ca**] ranging from zero to
39 uM, were prepared by mixing the appropriate volumes of Ca?'-free and Ca®" buffers, as
described previously [381]. Purified FR-GECO variants were diluted in these buffers and the
fluorescence intensities of the protein in each solution were measured in triplicate. The readings
were plotted against the free Ca®" concentration on a logarithmic scale, and the data fitted to
equation 2 for the K4 and apparent Hill coefficient:

Fmax - Fmin

F = Fmin +

1 + 10%09kq=XnH 2)

pKa determination. As described previously, aliquots of a buffer containing 30 mM
trisodium citrate and 30 mM borax (sodium borate) were adjusted using HCI or NaOH so that their
pH ranged from 3 to 11 [331]. Concentrated protein, as well as 1 puL of either 200 mM EGTA or
CaCl; for the Ca®*-free and Ca?" conditions, respectively, were then diluted in these buffers for a
total volume of 100 pL. The fluorescence intensities were measured in triplicate, and the readings
were plotted against pH before fitting to equation 2 but for H" and the Hill coefficient constrained

to 1:

Fmax - Fmin (3)

F'= Fnn + 1 + 10®Ka—pH)ny
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Due to the ionization events at pH ~ 5 to 6, only the data for pH 6.5 to 11 were fitted to the Hill

equation for the pKa.

5.3.3 Two-photon (2P) characterization

Experimental setup for 2P spectral measurements includes a tunable femtosecond laser
InSight DeepSee Dual (Spectra Physics) coupled with a photon counting spectrofluorometer PC1
(ISS) [408,409]. The two-photon fluorescence excitation (2PE) spectra were measured by
automatically stepping laser wavelength and recording total fluorescence intensity at each step. A
combination of filters, including FFO1-770/SP, FF01-680/SP (both Semrock), and FGL630 long-
pass (Thorlabs) was used in the left emission channel of PCI1 spectrofluorometer to eliminate
scattered laser light. To scale the 2P excitation spectra, we use a parameter called 2P molecular
brightness F2(1). This parameter depends on fractional contributions to 2P brightness of the anionic
and neutral forms at excitation wavelength 1 and can be presented as follows:

Fy(l) = rajasz, a(l) + rajnsz, n(1)
Where j is the fluorescence quantum yield of form 4 or N, and s> is the 2P absorption cross section.
Since we collect fluorescence spectrum through a FGL630 long-pass filter, technically jy only
comprises a part of fluorescence originating from anionic deprotonated chromophore that appears
after the excited-state proton transfer from initially excited neutral form. To obtain the 2P
excitation spectrum in units of molecular brightness, we independently measured 74, j4, and 52 4(1)
of the anionic form for both FRGECOla/c in Ca®’-free and Ca*'-saturated states and normalized
the unscaled 2PE spectrum to the product r4j4s2 4(1). The cross section s2 4(/) was measured at the
wavelength where the contribution of the neutral form is negligible (/ = 1064 nm). This
measurement was performed using Rhodamine B in alkaline ethanol as a reference standard. Its

cross section was measured relatively to Rhodamine 6G in ethanol (with the average
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<s2,rn8/S2,Rh66> = 1.072 £ 0.017). Using this number together with the Rhodamine 6G cross section
in ethanol (s2 rrs6) obtained after averaging of seven independent measurements: <sz rusg-> = 12.4
+ 2.6 GM, Rhodamine B in ethanol at 1064 nm was calculated s rxp = 13.3 £ 2.8 GM and used as
a reference. In a modified version of previously reported methods [409], a total (without
monochromator) 2P excited (at 1064 nm) fluorescence signal / as a function of laser power P were
collected for both the sample and reference solutions (samples were held in 3x3 mm cuvettes
(Starna) with maximum optical density less than 0.1). The fluorescence was collected at 90° to
excitation laser beam through FF01-770/SP, FGL630 Longpass, and Edge BasicTM long wave
pass 561 (Semrock) filters, using the left emission channel of a PC1 spectrofluorimeter working
in photon counting mode. The power dependences of fluorescence were fit to a quadratic function
I = aP?, from which the coefficients as and ar were obtained for the sample (index S) and reference
(index R) solutions, respectively. Second, the one-photon (1P) excited fluorescence signals were
measured for the same samples and in the same registration conditions. In this case, a strongly
attenuated radiation of a 561-nm line of a Sapphire 561-50 CW CDRH (Coherent) laser was used
for excitation. The fluorescence power dependences for the sample and reference were measured
and fit to a linear function: / = bP, from which the coefficients bs and br were obtained. The 2P

absorption cross section was then calculated as follows:

_ ag bR 83()\1)
02,5()‘2) = ap bng()\l)Uz,R()‘z)

Here, A; is the wavelength used for one-photon excitation (561 nm), A> is the wavelength used for
two-photon excitation (1064 nm), ers(A1) are the corresponding ECs, measured at A;. This
approach allows us to automatically correct for the laser beam properties (pulse duration and
spatial intensity distribution), fluorescence collection efficiencies for 1P and 2P modes,

photomultiplier tube spectral sensitivity, differences in QY's and concentrations between S and R

138



solutions. Molecular brightness of the anionic form was then calculated as a product F> =
r4j452.4(Im) with the 2P cross section taken at spectral maximum, /, , for both states of the sensor.
The QYs, ECs, and fractional concentrations were all measured independently (see previous

sections). Finally, the 2P excitation spectra were scaled to the calculated (1064 nm) values.

5.3.4 Imaging in neurons

Primary rat hippocampal neurons were prepared as described previously [410]. Cultured
neurons were transfected with pCAG-FR-GECOla and pCAG-FR-GECOlc plasmids using
electroporation (Lonza Nucleofector) according to manufacturer’s instructions. Prior to imaging
session, transfected neurons were first washed twice with imaging buffer (145 mM NacCl, 2.5 mM
KCl, 10 mM glucose, 10 mM HEPES, pH 7.4, 2 mM CaCl, and 1 mM MgCl,), and treated with
synaptic blockers (10 uM CNQX, 10 uM CPP, 10 uM GABAZINE, and 1 mM MCPG). Neurons
were imaged using an inverted Nikon Eclipse Ti2 microscope equipped with a SPECTRA X light

engine (Lumencor), a 20x objective (NA = 0.75, Nikon), and a sSCMOS camera (Hamamatsu
ORCA-Flash 4.0). Neurons were stimulated by field stimulation with a custom-built platinum wire
electrode with a stimulus isolator (A385, World Precision Instruments). Trains of action potentials
(APS) numbering 1, 2, 3, 5, 10, 20, 40, 80, 120 and 160 were stimulated and fluorescence images
were acquired throughout the stimulation session. Acquired images were processed with ImageJ.

5.4 Results and discussion
5.4.1 Engineering FR-GECO1a and FR-GECO1c

Initial efforts to engineer a far-red Ca2+ indicator followed two parallel strategies. The first
strategy was to graft key mutations for far-red fluorescence onto existing red GECIs. We used R-
GECOI1 [331], CH-GECOL1 [411] and K-GECO1 [378] as templates and introduced key mutations
from E2-Crimson [393], RDSmCherry [394], and mNeptune [392], respectively (Figure 5-1A).

Unfortunately, loss of fluorescence or no substantial spectral shift were observed in these designed
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prototypes (Table 5-1). The second strategy was de novo engineering of a GECI starting from far-
red FP scaffolds. However, our attempts to engineer GECIs based on mNeptune [397] and
mCardinal [397] did not yield fluorescent prototypes. As both mNeptune and mCardinal retain
weak dimerization tendencies [329,392,397,401], we suspected that the failure of these prototypes to
fluoresce could be due to the circular permutation site and/or insertion site of CaM and its binding
peptide overlapping with the oligomerization interface, possibly disrupting the dimerization.

Table 5-1 - Key mutations of far-red FPs grafted onto existing red GECls.

Red GECI Far-red FP Key mutations grafted” Result

R-GECO1 E2-Crimson 66Phe, 197Tyr Non-fluorescent
CH-GECO1 RDSmCherry 161Gly, 163Gly No spectral shift
K-GECO1 mCardinal 41Gly Non-fluorescent

* Residue numbered according to FP.

mKellyl and mKelly?2 are variants of mCardinal that were engineered to be true monomeric
far-red FPs by deletion of the C-terminal “tail”, directed evolution, and consensus design (Figure
5-1A) [401]. We rationalized that the enhanced monomericity of mKellyl and mKelly2 might
facilitate circular permutation and further engineering to create GECIs. We thus designed
cpmKelly2, the brighter of the two mKelly variants, with circular permutation at Thrl143
(numbering according to the crystal structure for mCardinal [397]; PDB: 40QW). This designed
cpmKelly2 was then used to replace the cpFusionRed RFP in K-GECOI1 [378]. This initial
construct resulted in a dimly fluorescent variant we named FR-GECOO0.1 (FR for far red; Figure
5-1B). Optimization of linkerl (the amino acids linking the ckkap peptide to cpmKelly2) led to
the identification of an improved, but still dim, variant, FR-GECO0.2, with Aex = 586 nm, Aem =
632 nm and ~7-fold increase of fluorescence upon Ca>" addition. We then subjected FR-GECOO0.2

to eight rounds of iterative directed evolution to improve its brightness and Ca?* response while
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ensuring that all the variants chosen to be used as gene templates for the next round maintained a
far-red emission peak. Ultimately, our efforts led to a bright and sensitive far-red GECI, FR-
GECO1a, which incorporated 19 mutations relative to the initial FR-GECOO0.1 gene. FR-GECOla
has Aex = 596 nm, Aem = 642 nm, and exhibits a 6-fold increase in fluorescence intensity in the
presence of Ca>" (Figure 5-1B).

With the mKelly2-derived FR-GECOla in hand, we attempted to incorporate mKelly1-
specific mutations in an effort to achieve a slightly more red-shifted emission peak and a higher
photostability [401]. mKelly1 was engineered from mCardinal in parallel with mKelly2 and differs
from mKelly2 by six mutations. To test whether these mutations could further improve FR-
GECOla, we screened a combinatorial library of FR-GECOla containing all possible
combinations of the six mKelly1-specific mutations. From this library we isolated a variant with
Aex = 596 nm and Aem = 646 nm. It exhibited an 18-fold increase in fluorescence intensity in the
Ca?"-bound state, which was an over 2-fold improvement relative to that of FR-GECO1la. This
variant, which we termed FR-GECOIc¢ (¢ for contrast) incorporated a single mutation, Tyr35Thr
(numbering according to FR-GECO1a sequence, Figure 5-1B and Figure 5-2) which is positioned

right beside the first gatepost residue (Figure 5-1B).
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A Origin Mushroom coral Bubble-tip anemone
g (Discosoma sp.) (Entacmaea quadricolor)
Wild-type DsRed eqFP578 eqFP611
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mCherry mRaspberry E2-Crimson mKate2 mNeptune TagRFP657 mGarnet

’_k_‘

mGrape RDSmCherry mPlum FusionRed  mMaroon1 mCardinal mGarnet2

mKelly! mKelly2

FR-GECO

B FR-GECO0.1 %
SFGNPFKYNTEYLVP KKTLGWEPTN

Linker1 optimization: KYN to GFL

—
|E
t
E

FR-GECO0.2 *
SFGNPFGFLTEYLVP KKTLGWEPTN

Directed evolution

=
|}
f
:

FR-GECO 1a *
SFGNPFGELTEYLVP KKTLGWVPTD

|}
;
a

ﬂ Library of mKellyl mutations

*
FR-GECO 1c
SFGNPFGFLTETLVP KKTLGWVPTD

|}
F
a

Figure 5-1 - Far-red FP genealogy and engineering of FR-GECO1.

A) Selected far-red FPs and FR-GECO1 genealogy. Far-red FPs (Aem > 620 nm) are

highlighted in red. B) Schematic illustration of FR-GECO1 design and engineering. Asterisk

indicates position 35. Mutations outside of the linkers are visible in Figure 5-2.
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Figure 5-2 - Sequence alignment of K-GECO1, cpmKelly2, and FR-GECO1.
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5.4.2 In vitro characterization of FR-GECO1
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Figure 5-3 - FR-GECO1 characterization in vitro.
Representative absorption (black), excitation (dashed) and emission (solid) spectra of FR-
GECO1a (A) and FR-GECO1c (B). Representative 2P spectra with fold change of FR-

GECO1a (C) and FR-GECO1c¢ (D). Kd titration of FR-GECO1a (E) and FR-GECO1c (F) (n

3, technical). pH titration for FR-GECO1a (G) and FR-GECO1c (H). pA: values were
determined by fitting the points between pH 6.5 to 11. Fitted values are reported in Table

5-2 and Table 5-3. Error bars represent S.E.M.

To characterize the photophysical properties of FR-GECOla and FR-GECOlc, we first
purified the bacterially-expressed protein. Spectral analysis of the purified proteins revealed that
the excitation peaks of FR-GECO1a (596 nm) and FR-GECO/1c (596 nm) are slightly blue-shifted
by 2 nm relative to mKelly2 (598 nm), while the emission peaks of the FR-GECO1a (642 nm) and

FR-GECOlc (644 nm) are also slightly blue-shifted relative to mKelly2 (649 nm) (Figure 5-3 and
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Table 5-1). The 1P molecular brightness of both FR-GECOla (brightness = 9.18) and FR-
GECOlc (brightness = 9.28) in the Ca?"-bound state are comparable and are ~20% brighter than
their template FP, mKelly2 (brightness = 7.7) (Table 5-1). These results were attributed to a near
doubling of the QY which offset the effect of the indicators’ smaller ECs compared to mKelly2.
In both the Ca’*'-free and Ca’>*-bound states, FR-GECO1a had ECs at 5,710 and 27,000 M cm™,
respectively, and FR-GECO1c¢ had 4,850 and 26,500 M cm™!, respectively. The two-fold increase
in the dynamic range of FR-GECOIc (AF/Fuin = 18.1 £ 0.4) relative to FR-GECOla (AF/Fnin =
5.8 £ 0.2; attributable to the Tyr35Thr mutation), was found to result primarily from the two-fold
smaller QY in the Ca*"-free state of FR-GECOlc. As a result, FR-GECOlc exhibited a larger
dynamic range in vitro than most other red GECls, such as R-GECO1 [331], K-GECOI1 [378],
XCaMP-R [384], and the inverse-response NIR-GECO1 (AF/Fuin= 9.6 with 5 mM Ca**) [405].
Consistent with other ckkap-based GECIs (i.e., K-GECO1, R-CaMP2, XCaMP-R)
[378,383,384], Ca®" titrations revealed that both FR-GECO1a and FR-GECO1¢ have relatively high
affinities for Ca®" and Hill coefficients greater than unity (Figure 5-3E and F). FR-GECOla (K4
= 32 nM; nu = 1.49) has a substantially lower K4 and ny than FR-GECOlc¢ (Kq = 87 nM; ny =
1.98). These relatively high Ca®" binding affinities suggested FR-GECO1la and FR-GECOlc are
well-suited for neuronal activity detection. The pK. measurements (Figure 5-3G and H) indicated
that both FR-GECO1 variants undergo a shift in pK, upon binding Ca?>" with a pK, of ~ 9 in the
Ca?"-free state and ~ 8 in the bound state. Both variants exhibit a small peak at pH = 5 in the Ca**-
free state and 5.5 in the Ca?"-bound state, suggesting multiple ionizable groups, which resembles

the pH characterization of CH-GECO series of red GECIs [412].
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Table 5-2 - Photophysical characterization of FR-GECO1la, FR-GECO1c¢c, and mKelly2.

Variant FR-GECOla' FR-GECOlc¢! mKelly2?
Ca?"-free Ca?"-bound Ca?"-free Ca?"-bound
Excitation 598 596 598
(nm)

Emission (nm) 642 646 649
AF/Fpin® 5.8+£0.2 18.1+0.4 n/a
Ka (nM) 29 [25, 35] 83 [74, 92] a

Hill coefficient 1.49 1.98 n/a

(nn)
Brightness* 1.08 9.18 0.51 9.28 7.7
(x1000)
¢ (M'em?) 5,710 27,000 4,850 26,500 43,000
(0] 0.19 0.34 0.077 0.35 0.18
pka 8.91 [8.69, 7.97 [7.66, 9.48 [9.26, 7.88 [7.75, 56
9.12] 8.31] 9.69] 8.00]

2P Brightness 1.56 9.2 0.48 7.4 n.d.
F2(GM)

AF/Fin (2P) 5.9 15.4 nd.

' Square brackets indicate 95% confidence intervals.

2Values are from Wannier ef al. [401].

3 Calculated from the peaks of the emission spectra.

4 Brightness = ¢ X ©.

Top values are in Ca**-free state and bottom values in Ca®" state.
n/a = not applicable. n.d. = not determined.

All measurements were made in triplicate. Errors represent SEM.

Under 2P conditions, both FR-GECO1la and FR-GECO1c¢ had peak 2P excitation at 1112
nm (Figure 5-3C and D), with FR-GECOla (9.2 GM) having a ~ 25% brighter 2P molecular
brightness than FR-GECOlc (7.4 GM) in the Ca**-bound state (Table 5-1). Both FR-GECOla
and FR-GEOC I ¢, in Ca**-saturated states in vitro, are among the most 2P bright red GECIs (Table
5-2) [408]. The optimal wavelengths range for 2P excitation, with close to maximum fluorescence

change, was between 1050 and 1200 nm (Figure 5-3C and D). This optimal wavelength range
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overlaps with the range of common tunable 2P lasers, such as titanium-sapphire lasers ranging
from 650 to 1100 nm. When optimally excited at 1200 nm in their Ca**-saturated states, FR-
GECO1la and FR-GECOIc have very high 2P brightness (c2x¢). At this wavelength, FR-GECO1la
and FR-GECOlc are similar to only a few other far-red FPs, such as mKates, Katushkhas, and
Neptunes. Both of these sensors are much brighter, at least by 5-fold, upon 2P excitation at 1200
nm than any of the red GECIs characterized so far [408]. The overall AF/Fy of FR-GECOla and
FR-GECOIlc under 1P and 2P conditions are comparable. Taken together, FR-GECO1la and FR-
GECO1c¢ exhibited bright far-red fluorescence under both 1P and 2P illumination.

Table 5-3 - 2P in vitro comparison between FR-GECO1 and other red GECls.

Red GECI 2P brightness of 2P brightness of F2 (12p,max) F2(1200 nm)
saturated form (¢ saturated form (@ (pxo02Xp) (pxo2Xp)
X G2) X 02) GM GM
GM (at Lz2p,max) GM (1200 nm)
FR-GECOla 20 (1112 nm) 15 9.2 6.9
FR-GECOlc 15 (1112 nm) 11 7.4 5.5
R-GECO1.2 9.6 (1044 nm) 0.13 8 0.1
CAR-GECO1 9.4 (1060 nm) 0.6 8 0.54
K-GECO1 11 (1068 nm) 1.1 8 0.83
jRCaMPla 12.4 (1076 nm) 2.7 10 22

5.4.3 Imaging in mammalian cells
The in vitro characterization of FR-GECOla and FR-GECOlc had revealed that,

fluorescent colour aside, these two new GECIs had properties, such as large fluorescence changes
and high Ca*" affinities, comparable to state-of-the-art GECIs. Of the two indicators, we expected
that FR-GECO1a might be more suitable for labelling fine subcellular neuronal processes, such
axon and dendrites, due to its brighter Ca®'-free state as shown by the characterization in vitro. On

the other hand, we expected that FR-GECO1¢ might provide better performance for the detection
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of single spikes in neurons in terms of fluorescence change because of its wider dynamic range in
vitro relative to FR-GECO1a. To evaluate the performance of FR-GECO1la and FR-GECOlc¢ for
imaging of neuronal activity, we expressed each GECI in dissociated rat hippocampal neurons.
We observed that the fluorescence in neurons expressing either FR-GECO1 variant was evenly
distributed throughout the cytosol (Figure 5-4A and B). Of the two indicators, FR-GECO1a did,
indeed, have a brighter basal fluorescence, providing easier identification of transfected cells as

well as facilitating visualization of the fine morphology of neural cells.
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Figure 5-4 - Performance of FR-GECO1 in cultured hippocampus neurons.

Representative images of neurons with FR-GECO1a at resting state (A), FR-GECO1c at
resting state (B), FR-GECO1a at stimulated state (C), and FR-GECO1c at stimulated state
(D). Averaged traces of FR-GECO1a (blue) and FR-GECO1c (red) recorded from neurons
for 1 AP (E), 20 AP (F) and 160 AP (G). Traces were normalized to baseline. Shaded areas
represent S.E.M. H) Averaged responses of FR-GECO1a (blue) and FR-GECO1c (red) as a

function of the number of action potentials. Error bars represent S.E.M. (For both B and C,
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n = 68 neurons for FR-GECO1a and n = 81 neurons for FR-GECO1c¢). |) Rise and decay

time of FR-GECO1a and FR-GECO1c fluorescence changes induced by a single AP.

To evaluate indicator function, we acquired fluorescence images while delivering electric
field stimuli to evoke trains of APs (in trains of 1, 2, 3, 5, 10, 20, 40, 80, 120 and 160) (Figure
5-4C and D). We observed that a single stimulus elicited a 10% AF/Fy response for FR-GECOla
(n = 81 neurons) and a 33% AF/Fy for FR-GECOIc (n = 68 neurons) (Figure 5-4E and H). These
responses are ~50% higher than reported responses for jR-GECO1la, K-GECO1, and XCaMP-R,
suggesting that FR-GECOlc is the most sensitive RFP-based GECI for single AP detection
[374,378,384]. Additionally, both FR-GECO1 variants offer better sensitivity for single AP detection
than NIR-GECO1 (-4F/Fp =2.3% for 1 AP) [405]. FR-GECO1la and FR-GECOl1c¢ showed A4F/Fy
of 48% and 158% fluorescence increase, respectively, upon 20 stimuli by the field electrode
(Figure 5-4F and H). When evoked with 160 stimuli, FR-GECO1c¢ expressing neurons exhibited
a peak AF/Fy of 220% while FR-GECO1a had a A4F/Fy of 85% (Figure 5-4G and H). In terms of
single AP response kinetics, both indicators exhibited relatively fast rise (half rise time, FR-
GECOla: 41 ms; FR-GECOlc: 23 ms) and decay (half decay time, FR-GECOla: 0.44 s; FR-
GECOlc: 0.21 s) times, with FR-GECO1c¢ having ~2-fold faster rise and decay kinetics than FR-
GECOla (Figure 5-41). Both variants are also faster than NIR-GECO1 (0.94 s rise time and 2.8 s
decay time for 1AP) [405]. Overall, these results suggest that both FR-GECO1la and FR-GECOl¢
enable sensitive detection of neuronal activities. FR-GECOlc, in particular, offers exceptional
single AP detection sensitivity, fast response times, and large fluorescence changes, compared to

other state-of-art red GECls.
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5.5 Conclusion
GFP- and RFP-based GECIs have been extensively engineered and are widely used in

imaging in mammalian tissue in vivo. However, there is still a demand for GECIs with more red-
shifted wavelengths, such as indicators with wavelengths in the far-red or NIR range. Red-shifted
indicators are generally preferable as they provide better spectral separation from green indicators
as well as blue light-activated optogenetic actuators and show less phototoxicity and
autofluorescence. Additionally, indicators with longer wavelengths enable deeper imaging, which
may be useful for imaging subcortical structures, for example. Currently, the latest JRGECO1 and
jRCaMP1 variants have an exponential decay coefficient of 130 um, with jJRGECO]la used to
image layer 6 neurons 850 um under the pia [374]. Consequently, there is a need for indicators with
wavelengths in the far-red and NIR range. Here, we report the engineering of FR-GECOI, the first
far-red genetically encoded Ca?" indicator. Previous efforts to engineer a far-red Ca®" using other
FP scaffolds were unsuccessful, likely due to these scaffolds’ oligomerization tendencies. On the
other hand, mKelly2 is a true monomeric far-red FP, likely enabling the engineering of the first
far-red fluorescence fully genetically encoded indicator. Relative to other red GECIs, which
usually have Aex ~ 550-570 nm and Aem ~ 580-600 nm and show significant crosstalk with
Chlamydomonas and Volvox channelrhodopsins [413], both FR-GECO1 variants have significantly
smaller spectral overlap with these channelrhodopsins, suggesting better compatibility with these
actuators. Although their wavelengths are more blue-shifted than NIR-GECO1 [405], FR-GECO1
variants utilize a FP with the conventional barrel and an autocatalytic chromophore while NIR-
GECO variants utilize mIFP, which requires the cofactor biliverdin to act as the chromophore.
Additionally, we expect that the cpmKelly scaffolds of FR-GECOI can serve as a template for

engineering new FP-based far-red indicators for other ligands.
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Although its performance as a first-generation sensor is already comparable to, and even
better than, the most advanced GECIs in some respects, there is still room for further
improvements. A general trend among FPs is that hypsochromic shifts in peak wavelengths are
accompanied by reductions in quantum yield, thus limiting the brightness of available far-red and
NIR FPs. Future versions of FR-GECO should be optimized for faster kinetics and improved 1P
and 2P brightness (to facilitate imaging in vivo). Moreover, two-photon microscopy 1200 nm
excitation will presumably provide deeper focusing ability compared to 1100 nm excitation
because of less scattering, but water absorbs stronger at 1200 nm. Since the depths of imaging are
not too deep (typically up 200 — 300 um), this absorption by water would not cause any attenuation
of the laser beam; however, heating due to the laser energy absorption could be stronger.
Improving the two-photon brightness of the sensors should help reduce the required laser power
for excitation, and consequently, tissue heating [414,415]. Alternatively, given that our pH titrations
revealed that both FR-GECOI1 variants have a significantly more basic pK. relative to mKelly2
and do not exhibit their maximum brightness under physiological conditions, engineering variants
with lower pKa values may also lead to improved brightness for imaging in tissue. Additionally,
we believe that FR-GECO1 variants with shifted excitation peaks, especially further red-shifted
for better compatibility with helium-neon lasers in 1P experiments, will be of particular interest to
researchers.

In summary, we have developed a far-red GECI, the FR-GECO series, expanding the
spectral palette of available GECls that utilize non-biliverdin-binding FPs. As the first iteration,
FR-GECO1 showed strong affinity for Ca?* and good sensitivity for neuronal activity, and we have
demonstrated their use in cultured hippocampal neurons. In the future, we aim to improve its

brightness and demonstrate its application in vivo. Specifically, we are particularly interested in
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testing the how deep into the brain FR-GECO1 enables imaging and if it shows better performance
than JRGECO1a in layer 6 neurons [374]. Furthermore, we expect that the cpmKelly2 scaffold can
be used to further expand the color palette of single FP-based genetically-encodable indicators for
a wide range of analytes (i.e., other than Ca*") [416,417]. Thus, we believe that development of FR-
GECOL1 is a valuable addition to the toolkit of both protein engineers and the biology research

community.
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6 Conclusions and future directions

6.1 Summary of thesis

Neurotransmission — the flow of information within the nervous system — relies on the
carefully regulated movement of ions and molecules within and without neurons. Within
neurotransmission, Ca’?’ is ubiquitous. Ca®" influx is necessary to trigger the release of
neurotransmitters into the synapse, and downstream, Ca®" acts as a secondary messenger,
triggering downstream cascades for neuroplasticity [368]. Although some of the most recognized
neurotransmitters are amino acids, a review of the literature revealed that the canonical amino
acids are directly or indirectly involved in neurotransmission, and yet, there is a limited selection
of fluorescent sensors available for imaging amino acid dynamics (Chapter 1). Thus, the objective
of my thesis was to engineer FP-based Ca*>" and amino acid indicators and expand the available
repertoire of practically useful tools for imaging their dynamics.

L-Aspartate has long been recognized as the secondary excitatory neurotransmitter in the
nervous system [22,23,27,30]. Despite the early excitement, however, its mechanism and
physiological relevance remains unclear, and its status has since been called into question [25]. In
Chapter 2, we detail the engineering of ODINI, a series of green aspartate indicators using an
aspartate/glutamate binding protein from C. jejuni [321] to help address this controversy. The three
ODINI variants are bright, show large changes in fluorescence intensity upon aspartate binding
and span a range of affinities for aspartate. However, given aspartate’s structural similarity to
glutamate, ODIN1 variants still bound and responded to glutamate, though with much weaker
affinity. While we were not successful in expressing functional copies of ODIN1 on the surface of
mammalian cells with a membrane-targeting vector, we were able to tether ODIN1 to the cell
surface of HeLa cells using the latest iterations of the SpyTag/SpyCatcher system [327]. With this

setup, we demonstrated that the three ODINT1 variants showed significant aspartate or glutamate-
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induced increases in fluorescence intensities. We also discussed preliminary data that suggested
that a secretion strategy for these sensors may be a viable alternative to membrane expression with
mutations meant to improve secretion efficiency also enhancing performance.

L-Glutamine’s most important contribution to neurotransmission is through its role in the
glutamate/GABA-glutamine cycle [7,51]. In Chapter 3, we discuss our efforts to engineer a specific
green glutamine indicator, Qigonl, with relatively high affinity and good dynamic range by
capitalizing on the structural homology between the binding protein used for ODINI and a
glutamine binding protein from B. pseudomallei [361] and several rounds of linker optimization.
Using the SpyTag/SpyCatcher system [327], we tethered Qigonl to the surface of HeLa cells and
showed that it retained a modest response to glutamine.

Chapters 4 and 5 describe my work on engineering new GECIs. Chapter 4 is focussed on
describing my efforts to engineer an mRuby3-based Ca?" indicator by replacing cpmRuby in
jJRCaMP1b [374] with cpmRuby3. The latest variant, RCaMP3.0, possessed a significantly larger
dynamic range than jJRCaMP1b, but falls short with respect to its affinity and brightness. Testing
in HeLa cells revealed that RCaMP3.0 only showed small changes in response to histamine
treatment, and more disappointingly, a smaller dynamic range than jRCaMP1b. In Chapter 5, we
describe our efforts to engineer far-red Ca?" indicators based on mKelly2 [401], which we called
the FR-GECO series, filling in a gap between available red and NIR GEClIs. Furthermore, we
demonstrate that the FR-GECO variants offer fast and sensitive detection of single action

potentials in neurons.

6.2 Perspective and future directions
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6.2.1 Optimization and further work on the described sensors

There is always room for improvement with every sensor, especially for the three first
generation sensors described in this thesis. Although ODINI is functional when tethered by
SpyTag and SpyCatcher [327], this tethering system would limit its use for two reasons. First, the
need to purify ODIN1 would be a roadblock for researchers who do not have the resources or
expertise for bacterial protein expression and purification. Secondly, challenges associated with
the delivery of the purified indicators would limit the systems it can be applied in, especially in
vivo with the possibility of triggering an immune response. Thus, identifying a construct that
enables functional expression either on the membrane surface or by secretion, which the
preliminary data suggested may be an option, remains a high priority. Additionally, since ODIN1
was shown to still respond to L-glutamate, variants with smaller responses to, or even weaker
affinities for, L-glutamate would also be desirable. Lastly, while we demonstrated that all the
ODINI variants respond to L-aspartate in HeLa cells, the sensors still need to be tested and
characterized in neurons. Following validation in neurons, we would like to use ODIN1, likely in
conjunction with R-iGluSnFR [255], for studies investigating aspartate and glutamate co-release.

Though Qigonl is functional in our tests, it requires further engineering for robust
performance in cells and neurons. First, its affinity is likely to be too high for detecting changes in
glutamine concentration in both the cytosol and extracellular space. Mutations around the binding
pocket, either in positions that directly interact with the ligand such as those in the affinity variants
of iGluSnFR [254] or in positions near residues with interactions such as those positions targeted
during the engineering of ODIN1, should reduce the affinity sufficiently. Further engineering is
also necessary to improve Qigonl’s brightness and dynamic range.

RCaMP3.0 requires further engineering to increase both affinity and brightness. Variants

with increased affinity may be identified by revisiting mutated positions to identify variants with
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higher affinity followed by directed evolution to recover the dynamic range and increase the
brightness. Alternatively, if characterization of the latest jGCaMP7s-cpmRuby3 variant shows a
significantly higher affinity, that variant may serve as the new template for further evolution.

An important, but unexplored, advantage of far-red indicators is the deeper penetration of
these longer wavelengths into tissue, facilitating imaging of structures located deeper into the
brain. Thus, demonstrations with FR-GECO1 showing deeper penetration would be ideal, such as
the experiments performed with jJRGECOla and jRCaMPla/b [374]. Additionally, a study
comparing the performance of state-of-the-art red GECIs and FR-GECO1 with optogenetic
actuators, especially the Volvox channelrhodopsin would be desirable [413]. As a first generation
sensor, future optimization efforts for FR-GECO1 should focus on improving brightness, either by
engineering for better expression, EC or QY or by engineering less pH sensitive variants as our
results showed that both FR-GECOI1 variants have such high pK, values that their maximum
brightness is not achieved under physiological conditions.

6.3 Engineering single FP-based indicators for other amino acids

Albeit to varying degrees, the canonical amino acids modulate neurotransmission;
however, there is a limited selection of probes available for these amino acids. Many of these
available probes are FRET sensors that utilize PBPs. Our approach for engineering ODIN1 and
Qigonl relied on identifying structurally homologous PBPs and utilizing a common insertion site.
It is likely that other structurally homologous amino acid binding proteins, such as those that have
been engineered into FRET sensors (Table 1-2), would be amenable to engineering to single FP-
based sensors, and we propose that for structurally homologous proteins, the insertion site we used
for ODIN1 and Qigonl would be a good starting point. For example, the cysteine indicator
engineered by Singh et al. [239] utilized a PBP from C. jejuni, the same organism PEBla was

identified from. Moreover, the review by Scheepers et al. [418] provides a collection of ligand
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binding proteins up to 2016 that ought to be useful in identifying other ligand binding proteins that
may make ideal candidates for sensor engineering.

An important consideration for current and future engineering efforts would be the
challenges associated with screening. A key challenge in our efforts to engineer an aspartate
indicator was the saturating levels of endogenous glutamate in E. coli, leading to diminished
responses of sensors extracted from bacteria in our hands [333]. iGluSnFR was engineered by
screening proteins extracted from bacteria after repeated washes of the bacteria pellet [252];
however, in our hands, this technique only yielded marginal, if any, improvements. The
uncertainty of this technique would be problematic for the early stages of engineering, where
responses are generally modest to begin with. We were able to circumvent this problem by batch
purifying our libraries prior to testing, but this protocol was far more resource- and labour-
intensive, reducing the number of variants that can be tested in a given run while requiring more
hands-on time. Thus, there is a need for better screening protocols. However, while an optimized
screening protocol that is applicable for any ligand would be ideal, it is more likely that prior to
every new sensor, there would be a need to tailor screening protocols for maximum efficiency,

balancing the usually competing interests of speed, resources and accuracy.

6.3.1 Engineering more red-shifted indicators

An important goal in sensor engineering is the expansion of the spectral palette available
for any given class of sensor. The availability of sensors in different colours facilitates multicolour
imaging and enables the simultaneous study of multiple analytes. Our work on FR-GECO1 showed
that, unlike previously published far-red FPs, the recently reported mKelly2 [401] can be
successfully used as a scaffold for engineering sensors. Further down the spectrum, NIR-GECO1
[405], which utilized the biliverdin-binding FP, mIFP, achieved a significant milestone and

provided a possible scaffold for engineering NIR sensors. We expect that the successful
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engineering of red-shifted variants of existing amino acid sensors (such as FHisJ [296], ODIN1 and
Qigonl), likely starting with the cpmApple domain from R-iGluSnFR [255] or cpmKelly2 from
FR-GECO1, would provide highly useful tools for cell biologists and neuroscientists alike. Though
NIR-GECO utilized a non-cp topology (i.e., fused Ca*'-binding domain and non-cpmlIFP),
previous work from our lab [255] has shown that altering the topology may not necessarily have
deleterious effects, enabling the possibility of using the mIFP domain from NIR-GECO to engineer

NIR variants of these sensors.
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A. Appendix of DNA sequences

Table A-1 - Primers used for testing different insertion points in PEB1a.

Primer Name

Sequence?

LVcpsfGEFP-

Al165PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGCGCATCGAGGGCCGC

LVcpsfGFP-

D29PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGATCCAAAAGTGCATAATGAGGAACGT
LVcpsfGEFP-

D164PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGATCGAGGGCCGCCTTG
LVcpsfGEFP- CGCTGTGATATACACATTGTGAGACACCAGATCAACATAGCCCAGCAGAATTGATTTA
D183PEBla-R TC

LVcpsfGEFP-

D184PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGATCATCAACATAGCCCAGCAGAATTG
LVcpsfGEFP- CGCTGTGATATACACATTGTGAGACACCAGATCAGGAAGAATCTCGGATTTATCATCA
D191PEBla-R AC

LVcpsfGEFP- CTGTGATATACACATTGTGAGACACCAGCTCACTAAAATTGTAGATTCGTTTCCTCTC
E97PEBla-R GG

LVcpsfGEFP-

E194PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGCTCGAAGGAATCAGGAAGAATCTCGG
LVcpsfGEFP- CTGTGATATACACATTGTGAGACACCAGATGTTCTTTAACGAAGTCGTCAACATACTT
H220PEBla-R CG

LVcpsfGFP- TCCGCTGTGATATACACATTGTGAGACACCAGTATTTTCTTTGCGGCCTCTCCTATAG
I144PEBla-R C

LVcpsfGFP-

K48PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGCTTTGCCAAGAGCTTGGCG
LVcpsfGFP- TCCGCTGTGATATACACATTGTGAGACACCAGCTTATCATCACCCAGTATGCTCTTTG
K55PEBla-R cC

LVcpsfGFP-

K65PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGTTTTGCGTTCACAGCAACCAACTTG
LVcpsfGFP-

K90PEBRla-R CTGTGATATACACATTGTGAGAGACCAGTTTCCTCTCGGGTGTGATCGTAAATG
LVcpsfGFP- TCCGCTGTGATATACACATTGTGAGACACCAGTTTCAATACAAGAAGTCCGATAGCGT
K110PEBla-R C

LVcpsfGEFP- CGCTGTGATATACACATTGTGAGACACCAGCTTCTCTTTCAATACAAGAAGTCCGATA
K112PEBRla-R GC

LVcpsfGFP- TGTGATATACACATTGTGAGACACCAGTTTCATATCTGCCAAGCTCTTATATTTCTTC
K121PEBla-R TC

LVcpsfGFP-

K134PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGCTTCGTGGTTGCGGCCT
LVcpsfGEFP-

K142PEBRla-R TCCGCTGTGATATACACATTGTGAGACACCAGCTTTGCGGCCTCTCCTATAGC
LVcpsfGFP-

K143PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGTTTCTTTGCGGCCTCTCCTATAGC
LVcpsfGEFP- CGCTGTGATATACACATTGTGAGACACCAGTTTAACGTCTATACCTATTTTCTTTGCG
K149PERla-R GC

LVcpsfGEFP-

K166PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGTTTCGCATCGAGGGCCG
LVcpsfGEFP- TCCGCTGTGATATACACATTGTGAGACACCAGCTTGGTAACTATACCGTATGACTGAG

K203PEBla-R

GC

217



LVcpsfGFP-
K204PEBla-R

GCTGTGATATACACATTGTGAGACACCAGTTTCTTGGTAACTATACCGTATGACTGAG
GC

LVcpsfGFP- CCGCTGTGATATACACATTGTGAGACACCAGTTTAACGAAGTCGTCAACATACTTCGC
K218PEBRla-R AA

LVcpsfGFP- GCTGTGATATACACATTGTGAGACACCAGCTTATGTTCTTTAACGAAGTCGTCAACAT
K221PEBla-R AC

LVcpsfGFP-

N73PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGGTTGTCCAAAAGTGGTCCTCTCG
LVcpsfGFP- CTGTGATATACACATTGTGAGACACCAGATTCTTATGTTCTTTAACGAAGTCGTCAAC
N222PEBla-R AT

LVcpsfGFP-

P23PEBla-R TCCGCTGTGATATACACATTGTGAGACACCAGAGGAACGTCGTTCTTCACACC
LVcpsfGEFP-

P87PEBla-R TCCGCTGTGATATACACATTGTGAGAGACCAGGGGTGTGATCGTAAATGTCGCG
LVcpsfGEFP- TGTGATATACACATTGTGAGACACCAGTGGATAATCTGGAAATTCGGAAAATTTAACG
P157PEBla-R TC

LVcpsfGFP- CTGTGATATACACATTGTGAGACACCAGAGGAAGAATCTCGGATTTATCATCAACATA
P190PEBla-R GC

LVcpsfGFP- TCCGCTGTGATATACACATTGTGAGACACCAGAGGGTCGTCTTTCTTGGTAACTATAC
P207PEBla-R C

LVcpsfGEFP- TCCGCTGTGATATACACATTGTGAGACACCAGCTGATCCAAAAGTGCATAATGAGGAA
Q30PEBla-R CG

LVcpsfGEFP-

RI91PEBRla-R CTGTGATATACACATTGTGAGAGACCAGTCGTTTCCTCTCGGGTGTGATC
LVcpsfGEFP- CGCTGTGATATACACATTGTGAGACACCAGGGAATCAGGAAGAATCTCGGATTTATCA
S192PEBla-R TC

LVcpsfGFP- TCCGCTGTGATATACACATTGTGAGACACCAGAACATAGCCCAGCAGAATTGATTTAT

V182PEBla-R

CG

NPcpsfGFP-A31-

PEBla-F CATAAATTGGAGTATAACTTTAACAACCCTGCTACGGGCGAAATTAAGGG
NPcpsfGFP-

Al65PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGGCGAAAAGAGTGGACGCCTTC
NPcpsfGFP-

A208PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGGCTTTTGCGAAGTATGTTGACGAC
NPcpsfGFP- CATAAATTGGAGTATAACTTTAACAACCCTGATGATAAATCCGAGATTCTTCCTGATT
D183PEBla-F cC

NPcpsfGFP- CATAAATTGGAGTATAACTTTAACAACCCTGATAAATCCGAGATTCTTCCTGATTCCT
D184PEBla-F TC

NPcpsfGFP-

D191PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGGATTCCTTCGAGCCTCAGTCATACG
NPcpsfGFP-

D205PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGGACGACCCTGCTTTTGCGAAG
NPcpsfGFP- ATAAGTTGGAGTATAACTTTAACAACCCGGAGAGGAAACGAATCTACAATTTTAGTGA
E88PEBla-F GC

NPcpsfGFP- CATAAGTTGGAGTATAACTTTAACAACCCGGAGAAGAAATATAAGAGCTTGGCAGATA
E111PEBla-F TG

NPcpsfGFP- CATAAGTTGGAGTATAACTTTAACAACCCGGAACATAAGAATGAAATCGATGCACTGG
E219PEBla-F C

NPcpsfGFP-

E223PEBRla-F CATAAGTTGGAGTATAACTTTAACAACCCGGAAATCGATGCACTGGCCAAAAAATG
NPcpsfGFP- AGTTGGAGTATAACTTTAACAACCCGTTTTCCGAATTTCCAGATTATCCATCTATCAA
F150PEBla-F GG

NPcpsfGFP-

F193PEBla-F

CATAAGTTGGAGTATAACTTTAACAACCCGTTCGAGCCTCAGTCATACGGTATAG
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NPcpsfGFP-

G74PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGGGCAGCGTAGATGCCGTTATCG
NPcpsfGFP-

Gl22PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGGGAGCGAATATAGGAGTGGCAC
NPcpsfGFP- ATAAGTTGGAGTATAACTTTAACAACCCGGGTATAGACGTTAAATTTTCCGAATTTCC
Gl145PEBla-F AG

NPcpsfGFP-

H24PEBla-F CATAAATTGGAGTATAACTTTAACAACCCTCATTATGCACTTTTGGATCAGGC
NPcpsfGFP- ATAAGTTGGAGTATAACTTTAACAACCCGATCTACAATTTTAGTGAGCCTTACTACCA
I92PEBla-F AG

NPcpsfGFP- AGTTGGAGTATAACTTTAACAACCCGATAGGTATAGACGTTAAATTTTCCGAATTTCC
I144PEBla-F AG

NPcpsfGFP-

K56PEBRla-F CATAAGTTGGAGTATAACTTTAACAACCCGAAAATCAAGTTGGTTGCTGTGAACGC
NPcpsfGFP- ATAAGTTGGAGTATAACTTTAACAACCCGAAATATAAGAGCTTGGCAGATATGAAAGG
K113PEBla-F AG

NPcpsfGFP-

K135PERla-F CATAAGTTGGAGTATAACTTTAACAACCCGAAGGCTATAGGAGAGGCCGC
NPcpsfGFP- TGGAGTATAACTTTAACAACCCGAAAATAGGTATAGACGTTAAATTTTCCGAATTTCC
K143PEBla-F AG

NPcpsfGFP-

K166PEBRla-F CATAAGTTGGAGTATAACTTTAACAACCCGAAAAGAGTGGACGCCTTCTCCG
NPcpsfGFP-

K185PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGAAATCCGAGATTCTTCCTGATTCCTTC
NPcpsfGFP-

K204PEBRla-F CATAAGTTGGAGTATAACTTTAACAACCCGAAAGACGACCCTGCTTTTGCG
NPcpsfGFP-

K221PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGAAGAATGAAATCGATGCACTGGCC
NPcpsfGFP-

N222PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGAATGAAATCGATGCACTGGCCAA
NPcpsfGFP-

PO98PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGCCTTACTACCAAGACGCTATCGGAC
NPcpsfGFP- AGTTGGAGTATAACTTTAACAACCCGCCTCAGTCATACGGTATAGTTACCAAGAAAGA

P195PEBla-F

CG

NPcpsfGFP-Q30-

PEBla-F CATAAATTGGAGTATAACTTTAACAACCCTCAGGCTACGGGCGAAATTAAGG
NPcpsfGFP- ATAAGTTGGAGTATAACTTTAACAACCCGCGAATCTACAATTTTAGTGAGCCTTACTA
R91PEBla-F CC

NPcpsfGFP-

R167PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGAGAGTGGACGCCTTCTCC
NPcpsfGFP- AAGTTGGAGTATAACTTTAACAACCCGAGCATACTGGGTGATGATAAGAAAATCAAGT
S49PEBla-F TG

NPcpsfGFP-

S158PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGTCTATCAAGGCGGCCCTC
NPcpsfGFP-

S192PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGTCCTTCGAGCCTCAGTCATACG
NPcpsfGFP-

T66PEBla-F CATAAGTTGGAGTATAACTTTAACAACCCGACGAGAGGACCACTTTTGGACAAC

LV (P87K90R91) -

cpsfGFP-F CTGGTCTCTCACAATGTGTATATCACAGCGGACAAG

LVgeneral-

cpsfGFP-F CTGGTGTCTCACAATGTGTATATCACAGCGGACAAGC

NP (A31D183D184)

-cpsfGFP-R AGGGTTGTTAAAGTTATACTCCAATTTATGACCCAGTATATTACCATC
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NPgeneral-
cpsfGFP-R CGGGTTGTTAAAGTTATACTCCAACTTATGACC

* Sequences in green correspond to cpsfGFP while sequences in black bind to different regions of pPBAD-PEB1a.
In primers that bind to pPBAD-PEB1a, the green sequences are appended for assembly with the cpsfGFP
fragment. Differences in the overlap region are silent mutations meant to disrupt hairpin structures.

ATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGT
ACGACGATGACGATAAGGATCCGAGCTCGAGAATGGGAAAGCTGGAGTCAATCAAGTCCAAAGGCCAGTTGATCGT
GGGTGTGAAGAACGACGTTCCTCATTATGCACTTTTGGATCAGGCTACGGGCGAAATTAAGGGGTTTGAGGTGGAT
GTCGCCAAGCTCTTGGCAAAGAGCATACTGGGTGATGATAAGAAAATCAAGTTGGTTGCTGTGAACGCAAAAACGA
GAGGACCACTTTTGGACAACGGCAGCGTAGATGCCGTTATCGCGACATTTACGATCACACCCGAGAGGAAACGAAT
CTACAATTTTAGTGAGCCTTACTACCAAGACGCTATCGGACTTCTTGTATTGAAAGAGAAGAAATATAAGAGCTTG
GCAGATATGAAAGGAGCGAATATAGGAGTGGCACAGGCCGCAACCGTTAAGAAGGCTATAGGAGAGGCCGCAAAGA
AAATAGGTATAGACGTTAAATTTTCCGAATTTCCAGATTATCCATCTATCAAGGCGGCCCTCGATGCGAAAAGAGT
GGACGCCTTCTCCACGGATAAATCAATTCTGCTGGGCTATGTTGATGATAAATCCGAGATTCTTCCTGATTCCTTC
GAGCTGGTGTCTCACAATGTGTATATCACAGCGGACAAGCAGAAGAACGGGATAAAAGCGAATTTCAAGATTCGAC
ACAATGTCGAAGATGGGACCGTTCAGCTCGCCGACCATTACCAGCAGAACACACCCATAGGCGATGGACCCGTTTT
GCTTCCTGATAATCACTATTTGTCTACGCAAAGTGTGTTGAGTAAGGATCCAAACGAAAAGCGCGACCATATGGTG
TTGCTGGAATTTGTCACTGCCGCGGGCATTACGCATGGGATGGATGAACTCTACAAAGGGGGAACTGGCGGGTCTA
TGGTGTCCAAAGGGGAAGAACTGTTTACTGGAGTAGTTCCAATCCTTGTGGAACTCGACGGTGATGTAAACGGACA
TAAATTCAGCGTACGAGGTGAGGGAGAGGGAGATGCCACAAACGGCAAACTGACTCTCAAATTTATATGCACTACC
GGCAAACTGCCAGTCCCTTGGCCTACCTTGGTAACCACTTTGACATATGGCGTTCAATGCTTTTCCAGGTACCCTG
ATCACATGAAACGACACGATTTCTTTAAAAGCGCGATGCCAGAAGGGTATGTGCAGGAGCGGACTATAAGTTTTAA
GGACGACGGGACCTATAAAACTAGGGCAGAGGTCAAATTCGAGGGCGATACGCTTGTCAACAGGATAGAGCTCAAG
GGAATAGATTTTAAGGAGGATGGTAATATACTGGGTCATAAGTTGGAGTATAACTTTAACACTCGGCCTCTGTCAT
ACGGTATAGTTACCAAGAAAGACGACCCTGCTTTTGCGAAGTATGTTGGCGACTTCGTTAAAGAACATAAGAATGA
AATCGATGCACTGGCCAAAAAATGGGGACTGTAAAAGCTTGGCTGTTTTGGCGGATG

Figure A-1 - DNA sequence for ODIN1a in pBAD/HisB.

DNA sequence for ODIN1a in pBAD/HisB annotated for its features. Sequences in blue are
part of the pBAD vector (beginning at the start codon of the reading frame and including
its N-terminal tags; bolded sequence indicates the polyhistidine tag). Bases highlighted in
yellow indicate the Xhol and Hindlll restriction sites. Orange sequence is for PEB1a, green

sequence is cpsfGFP, and grey sequences are for the linker regions. Italicized bases
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indicate the homologous sequences used for assembly; the complements of these

italicized bases were used as the primers to generate linearized vector by PCR.

ATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGT
ACGACGATGACGATAAGGATCCGAGCTCGAGAATGGGAAAGCTGGAGTCAATCAAGTCCAAAGGCCAGTTGATCGT
GGGTGTGAAGAACGACGTTCCTCATTATGCACTTTTGGATCAGGCTACGGGCGAAATTAAGGGGTTTGAGGTGGAT
GTCGCCAAGCTCTTGGCAAAGAGCATACTGGGTGATGATAAGAAAATCAAGTTGGTTGCTGTGAACGCAAAAACGA
GAGGACCACTTTTGGACAACGGCAGCGTAGATGCCGTTATCGCGACATTTACGATCACACCCGAGAGGAAACGAAT
CTACAATTTTAGTGAGCCTTACTACCAAGACGCTATCGGACTTCTTGTATTGAAAGAGAAGAAATATAAGAGCTTG
GCAGATATGAAAGGAGCGAATATAGGAGTGGCACAGGCCGCAACCGGGAAGAAGGCTATAGGAGAGGCCGCAAAGA
AAATAGGTATAGACGTTAAATTTTCCGAATTTCCAGATTATCCATCTATCAAGGCGGCCCTCGATGCGAAAAGAGT
GGACGCCTTCTCCACCGATAAATCAATTCTGCTGGGCTATGTTGATGATAAATCCGAGATTCTTCCTGATTCCTTC
GAGCTGGTGTCTCACAATGTGTATATCACAGCGGACAAGCAGAAGAACGGGATAAAAGCGAATTTCAAGATTCGAC
ACAATGTCGAAGATGGGACCGTTCAGCTCGCCGACCATTACCAGCAGAACACACCCATAGGCGATGGACCCGTTTT
GCTTCCTGATAATCACTATTTGTCTACGCAAAGTGTGTTGAGTAAGGATCCAAACGAAAAGCGCGACCATATGGTG
TTGCTGGAATTTGTCACTGCCGCGGGCATTACGCATGGGATGGATGAACTCTACAAAGGGGGAACTGGCGGGTCTA
TGGTGTCCAAAGGGGAAGAACTGTTTACTGGAGTAGTTCCAATCCTTGTGGAACTCGACGGTGATGTAAACGGACA
TAAATTCAGCGTACGAGGTGAGGGAGAGGGAGATGCCACAAACGGCAAACTGACTCTCAAATTTATATGCACTACC
GGCAAACTGCCAGTCCCTTGGCCTACCTTGGTAACCACTTTGACATATGGCGTTCAATGCTTTTCCAGGTACCCTG
ATCACATGAAACGACACGATTTCTTTAAAAGCGCGATGCCAGAAGGGTATGTGCAGGAGCGGACTATAAGTTTTAA
GGACGACGGGACCTATAAAACTAGGGCAGAGGTCAAATTCGAGGGCGATACGCTTGTCAACAGGATAGAGCTCAAG
GGAATAGATTTTAAGGAGGATGGTAATATACTGGGTCATAAGTTGGAGTATAACTTTAACACTCGGCCTCTGTCAT
ACGGTATAGTTACCAAGAAAGACGACCCTGCTTTTGCGAAGTATGTTGGCGACTTCGTTAAAGAACATAAGAATGA
AATCGATGCACTGGCCAAAAAATGGGGACTGTAAAAGCTTGGCTGTTTTGGCGGATG

Figure A-2 - DNA sequence for ODIN1b in pBAD/HisB.

DNA sequence for ODIN1b in pBAD/HisB coloured and annotated similar to Figure A-1.
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ATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGT
ACGACGATGACGATAAGGATCCGAGCTCGAGAATGGGAAAGCTGGAGTCAATCAAGTCCAAAGGCCAGTTGATCGT
GGGTGTGAAGAACGACGTTCCTCATTATGCACTTTTGGATCAGGCTACGGGCGAAATTAAGGGGTTTGAGGTGGAT
GTCGCCAAGCTCTTGGCAAAGAGCATACTGGGTGATGATAAGAAAATCAAGTTGGTTGCTGTGAACGCAAAAACGA
GAGGACCACTTTTGGACAACGGCAGCGTAGATGCCGTTATCGCGACATTTACGATCACACCCGAGAGGAAACGAAT
CTACAATTTTAGTGAGCCTTACTACCAAGACGCTATCGGACTTCTTGTATTGAAAGAGAAGAAATATAAGAGCTTG
GCAGATATGAAAGGAGCGAATATAGGAGTGGCACAGGCCGCAACCGGTAAGAAGGCTATAGGAGAGGCCGCAAAGA
AAATAGGTATAGACGTTAAATTTTCCGAATTTCCAGATTATCCATCTATCAAGGCGGCCCTCGATGCGAAAAGAGT
GGACGCCTTCTCCGGGGATAAATCAATTCTGCTGGGCTATGTTGATGATAAATCCGAGATTCTTCCTGATTCCTTC
GAGCTGGTGTCTCACAATGTGTATATCACAGCGGACAAGCAGAAGAACGGGATAAAAGCGAATTTCAAGATTCGAC
ACAATGTCGAAGATGGGACCGTTCAGCTCGCCGACCATTACCAGCAGAACACACCCATAGGCGATGGACCCGTTTT
GCTTCCTGATAATCACTATTTGTCTACGCAAAGTGTGTTGAGTAAGGATCCAAACGAAAAGCGCGACCATATGGTG
TTGCTGGAATTTGTCACTGCCGCGGGCATTACGCATGGGATGGATGAACTCTACAAAGGGGGAACTGGCGGGTCTA
TGGTGTCCAAAGGGGAAGAACTGTTTACTGGAGTAGTTCCAATCCTTGTGGAACTCGACGGTGATGTAAACGGACA
TAAATTCAGCGTACGAGGTGAGGGAGAGGGAGATGCCACAAACGGCAAACTGACTCTCAAATTTATATGCACTACC
GGCAAACTGCCAGTCCCTTGGCCTACCTTGGTAACCACTTTGACATATGGCGTTCAATGCTTTTCCAGGTACCCTG
ATCACATGAAACGACACGATTTCTTTAAAAGCGCGATGCCAGAAGGGTATGTGCAGGAGCGGACTATAAGTTTTAA
GGACGACGGGACCTATAAAACTAGGGCAGAGGTCAAATTCGAGGGCGATACGCTTGTCAACAGGATAGAGCTCAAG
GGAATAGATTTTAAGGAGGATGGTAATATACTGGGTCATAAGTTGGAGTATAACTTTAACACTCGGCCTCTGTCAT
ACGGTATAGTTACCAAGAAAGACGACCCTGCTTTTGCGAAGTATGTTGGCGACTTCGTTAAAGAACATAAGAATGA
AATCGATGCACTGGCCAAAAAATGGGGACTGTAAAAGCTTGGCTGTTTTGGCGGATG

Figure A-3 - DNA sequence for ODIN1c in pBAD/HisB.

DNA sequence for ODIN1c in pBAD/HisB coloured and annotated similar to Figure A-1.

222



ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGTGACATGGGAAAGCT
GGAGTCAATCAAGTCCAAAGGCCAGTTGATCGTGGGTGTGAAGAACGACGTTCCTCATTATGCACTTTT
GGATCAGGCTACGGGCGAAATTAAGGGGTTTGAGGTGGATGTCGCCAAGCTCTTGGCAAAGAGCATACT
GGGTGATGATAAGAAAATCAAGTTGGTTGCTGTGAACGCAAAAACGAGAGGACCACTTTTGGACAACGG
CAGCGTAGATGCCGTTATCGCGACATTTACGATCACACCCGAGAGGAAACGAATCTACAATTTTAGTGA
GCCTTACTACCAAGACGCTATCGGACTTCTTGTATTGAAAGAGAAGAAATATAAGAGCTTGGCAGATAT
GAAAGGAGCGAATATAGGAGTGGCACAGGCCGCAACCGGGAAGAAGGCTATAGGAGAGGCCGCAAAGAA
AATAGGTATAGACGTTAAATTTTCCGAATTTCCAGATTATCCATCTATCAAGGCGGCCCTCGATGCGAA
AAGAGTGGACGCCTTCTCCACCGATAAATCAATTCTGCTGGGCTATGTTGATGATAAATCCGAGATTCT
TCCTGATTCCTTCGAGCTGGTGTCTCACAATGTGTATATCACAGCGGACAAGCAGAAGAACGGGATAAA
AGCGAATTTCAAGATTCGACACAATGTCGAAGATGGGACCGTTCAGCTCGCCGACCATTACCAGCAGAA
CACACCCATAGGCGATGGACCCGTTTTGCTTCCTGATAATCACTATTTGTCTACGCAAAGTGTGTTGAG
TAAGGATCCAAACGAAAAGCGCGACCATATGGTGTTGCTGGAATTTGTCACTGCCGCGGGCATTACGCA
TGGGATGGATGAACTCTACAAAGGGGGAACTGGCGGGTCTATGGTGTCCAAAGGGGAAGAACTGTTTAC
TGGAGTAGTTCCAATCCTTGTGGAACTCGACGGTGATGTAAACGGACATAAATTCAGCGTACGAGGTGA
GGGAGAGGGAGATGCCACAAACGGCAAACTGACTCTCAAATTTATATGCACTACCGGCAAACTGCCAGT
CCCTTGGCCTACCTTGGTAACCACTTTGACATATGGCGTTCAATGCTTTTCCAGGTACCCTGATCACAT
GAAACGACACGATTTCTTTAAAAGCGCGATGCCAGAAGGGTATGTGCAGGAGCGGACTATAAGTTTTAA
GGACGACGGGACCTATAAAACTAGGGCAGAGGTCAAATTCGAGGGCGATACGCTTGTCAACAGGATAGA
GCTCAAGGGAATAGATTTTAAGGAGGATGGTAATATACTGGGTCATAAGTTGGAGTATAACTTTAACAC
TCGGCCTCTGTCATACGGTATAGTTACCAAGAAAGACGACCCTGCTTTTGCGAAGTATGTTGGCGACTT
CGTTAAAGAACATAAGAATGAAATCGATGCACTGGCCAAAAAATGGGGACTGGAACAAAAACTCATCTC
AGAAGAGGATCTGAATGCTGTGGGCCAGGACACGCAGGAGGTCATCGTGGTGCCACACTCCTTGCCCTT
TAAGGTGGTGGTGATCTCAGCCATCCTGGCCCTGGTGGTGCTCACCATCATCTCCCTTATCATCCTCAT
CATGCTTTGGCAGAAGAAGCCACGTTAG

Figure A-4 - pMiniDisplay-ODIN1b sequence.
Annotated DNA sequence for ODIN1b inserted into pMiniDisplay. Sequences in black are
part of pMiniDisplay, and the rest is coloured according to Figure A-1. For brevity, only the

sequence for ODIN1b is shown, but other variants were inserted similarly.
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GGGCTAACAGGAGGAATTAACCATGGGGGGTTCTAGCTCGAGAATGGGACGTGGCGTTCCTCATATTGTTATGGTG
GACGCCTACAAACGCTATAAAT CGGGAGGTGGTTCAGGCATGGGAAAGCTGGAGTCAATCAAGTCCAAAGGC
CAGTTGATCGTGGGTGTGAAGAACGACGTTCCTCATTATGCACTTTTGGATCAGGCTACGGGCGAAATT
AAGGGGTTTGAGGTGGATGTCGCCAAGCTCTTGGCAAAGAGCATACTGGGTGATGATAAGAARAATCAAG
TTGGTTGCTGTGAACGCAAAAACGAGAGGACCACTTTTGGACAACGGCAGCGTAGATGCCGTTATCGCG
ACATTTACGATCACACCCGAGAGGAAACGAATCTACAATTTTAGTGAGCCTTACTACCAAGACGCTATC
GGACTTCTTGTATTGAAAGAGAAGAAATATAAGAGCTTGGCAGATATGAAAGGAGCGAATATAGGAGTG
GCACAGGCCGCAACCGGGAAGAAGGCTATAGGAGAGGCCGCAAAGAAAATAGGTATAGACGTTAAATTT
TCCGAATTTCCAGATTATCCATCTATCAAGGCGGCCCTCGATGCGAAAAGAGTGGACGCCTTCTCCACC
GATAAATCAATTCTGCTGGGCTATGTTGATGATAAATCCGAGATTCTTCCTGATTCCTTCGAGCTGGTG
TCTCACAATGTGTATATCACAGCGGACAAGCAGAAGAACGGGATAAAAGCGAATTTCAAGATTCGACAC
AATGTCGAAGATGGGACCGTTCAGCTCGCCGACCATTACCAGCAGAACACACCCATAGGCGATGGACCC
GTTTTGCTTCCTGATAATCACTATTTGTCTACGCAAAGTGTGTTGAGTAAGGATCCAAACGAAAAGCGC
GACCATATGGTGTTGCTGGAATTTGTCACTGCCGCGGGCATTACGCATGGGATGGATGAACTCTACAAA
GGGGGAACTGGCGGGTCTATGGTGTCCAAAGGGGAAGAACTGTTTACTGGAGTAGTTCCAATCCTTGTG
GAACTCGACGGTGATGTAAACGGACATAAATTCAGCGTACGAGGTGAGGGAGAGGGAGATGCCACAAAC
GGCAAACTGACTCTCAAATTTATATGCACTACCGGCAAACTGCCAGTCCCTTGGCCTACCTTGGTAACC
ACTTTGACATATGGCGTTCAATGCTTTTCCAGGTACCCTGATCACATGAAACGACACGATTTCTTTAAA
AGCGCGATGCCAGAAGGGTATGTGCAGGAGCGGACTATAAGTTTTAAGGACGACGGGACCTATAAAACT
AGGGCAGAGGTCAAATTCGAGGGCGATACGCTTGTCAACAGGATAGAGCTCAAGGGAATAGATTTTAAG
GAGGATGGTAATATACTGGGTCATAAGTTGGAGTATAACTTTAACACTCGGCCTCTGTCATACGGTATA
GTTACCAAGAAAGACGACCCTGCTTTTGCGAAGTATGTTGGCGACTTCGTTAAAGAACATAAGAATGAA
ATCGATGCACTGGCCAAAAAATGGGGACTGCAAGCTTCCGGCCATCATCATCATCATCATTAA

Figure A-5 - DNA sequence for cHis-pBAD-SpyTag003-ODIN1b.

DNA sequence for ODIN1b in cHis-pBAD with SpyTag003 at the N-terminus and
annotated for its features. Other ODIN variants were inserted similarly. Sequences in blue
are part of the vector (with the polyhistidine tag bolded) while the sequence for SpyTag003
is coloured in red (with the start codon bolded). The rest of the annotation scheme is
identical to that in Figure A-1. Italicized bases were appended to the gene encoding

ODIN1b by PCR for assembly.
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ATGATGGATCAAGCTAGATCAGCATTCTCTAACTTGTTTGGTGGAGAACCATTGTCATGTACCCGGGCCAGCCTGG

CTCGGCAAGTAGATGGCGATAACAGTCATGTGGAGATGAAACTTGCTGTAGATGAAGAAGAAAATGCTGACAATAA

CACAAAGGCCAATGTCACAAAACCAAAAAGGTGTAGTGGAAGTATCTGCTATGGGACTATTGCTGTGATCGTCTTT

TTCTTGATTGGATTTATGATTGGCTACTTGGGCTATGGAAGCGGAGGATCCGGGATGGTGAGCAAGGGCGAGGAGA

ATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGA
GATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGCCTTTCAGACCGCTAAGCTGAAGGTGACCAAGGGTGGCCCC
CTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGTCTACATTAAGCACCCAGCCGACA
TCCCCGACTACTTCAAGCTGTCCTTCCCCGAGGGCTTCAGGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCAT
TATTCACGTTAACCAGGACTCCTCCCTGCAGGACGGCGTGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTC
CCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCGAGGAGCGGATGTACCCCGAGGALG
GCGCCCTGAAGAGCGAGATCAAGAAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGCCGCCGAGGTCAAGACCAL
CTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACATCGTCGACATCAAGTTGGACATCGTGTCCCACAALC
GAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACA
AGGAACAAAAACTCATCTCAGAAGAGGATCTGGGTTCCGGTGGCTCGGGTGGATCCATGGTGACCACACTGTCCGG

ACTGTCTGGAGAGCAGGGACCATCCGGCGACATGACCACAGAGGAGGATTCTGCCACACACATCAAGTTCAGCAAG

AGGGACGAGGACGGAAGAGAGCTGGCAGGAGCAACCATGGAGCTGAGGGATAGCTCCGGCAAGACCATCAGCACAT

GGATCTCCGACGGCCACGTGAAGGATTTCTACCTGTATCCCGGCAAGTACACCTTTGTGGAGACAGCAGCACCAGA

CGGATATGAGGTGGCAACCCCTATCGAGTTTACAGTGAACGAGGACGGACAGGTGACCGTGGATGGAGAGGCAACA

GAGGGCGATGCACACACCGGATCTAGCGGATCTTAA
Figure A-6 — DNA Sequence of pENTR4-mApple-myc tag-SpyCatcherO03.

Underlined sequences are part of the pENTR4-myc tag-SpyCatcher003 backbone from
Addgene [327]. The sequence in purple is for the transferrin receptor, the black sequence is
for the myc tag and linker region, and the green sequence is for SpyCatcher003. The DNA

sequence for mApple is coloured in red.
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TAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTGCCGCCACCATGGCCTCGAGCATGAGAGCCTGGATC
TTTTTTCTGCTCTGCCTCGCTGGCAGAGCCCTGGCTGCACCTCTGGGACGAGGAAGCCATCATCACCACCATCATG
GCGGGCTCGCAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGA
CGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTC
ATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCA
GCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCAC
CATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGC
ATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCC
ACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGA
CGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAAL
CACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCG
TGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGCTCCGGAGGCGCAGTGTACCACAGAGAAGC
ACGGTCTGGCAAATACAAGCTCACCTACGCAGAAGCTAAGGCGGTGTGTGAATTTGAAGGCGGCCATCTCGCAACT
TACAAGCAGCTAGAGGCAGCCAGAAAAATTGGATTTCATGTCTGTGCTGCTGGATGGATGGCTAAGGGCAGAGTTG
GATACCCCATTGTGAAGCCAGGGCCCAACTGTGGATTTGGAAAAACTGGCATTATTGATTATGGAATCCGTCTCAA
TAGGAGTGAAAGATGGGATGCCTATTGCTACAACCCACACGCAAAGTAAAGCTTAAGTTTAAACCGCTGATCAGC

Figure A-7 — DNA Sequence for EGFP in the secretion construct

DNA sequence for pcDNA3.1m-BM40-EGFP-LINK. The pcDNAS.1m vector backbone
sequence is shown in black. The secretion construct consists of BM40 (red), a long linker
(purple) with a polyhistidine tag (bolded) after BM40, a shorter linker (purple) after ODIN1b,
and the LINK domain (blue). The sequence for EGFP is coloured in green. ltalicized
sequences were the homologous sequences used for assembly and appended to genes
of interest by extension PCR. The complementary sequences were used as primers to
linearize the vector and replace the insert. sfGFP and iGIuSnFR were amplified by PCR

from constructs available in Addgene and inserted to replace EGFP.
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ATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGT
ACGACGATGACGATAAGGATCCGAGCTCGAGAATGAAGGAACTTGTGGTGGGGACCGATACTAGTTTTATGCCCTT
CGAGTTTAAGCAGGGAGATAAATATGTGGGCTTTGACTTGGATCTCTGGGCGGAGATAGCGAAGGGTGCGGGGTGG
ACGTATAAGATCCAACCCATGGATTTCGCAGGACTCATACCTGCCTTGCAAACACAAAATATAGATGTTGCTCTCA
GTGGAATGACCATAAAGGAAGAACGGCGCAAGGCCATTGATTTTTCTGATCCTTACTATGATAGCGGCCTTGCTGC
TATGGTGCAAGCGAACAATACCACTATTAAATCAATCGACGACTTGAATGGAAAAGTAATTGCCGCGAAAACCGGC
ACAGCAACAATAGATTGGATTAAAGCTCACTTGAAACCGAAAGAGATCCGACAATTCCCGAACATCGATCAGGCGT
ATTTGGCCCTTGAGGCAGGCCGCGTTGATGCTGCAATGCATGATACCCCTAATGTGCTTTTCTTTGTGAATAACGA
GGGTAAAGGCCGAGTCAAAGTGGCTGGCGCTCCTGTTAGCCTGGATGCGCACAATGTGTATATCACAGCGGACAAG
CAGAAGAACGGGATAAAAGCGAATTTCAAGATTCGACACAATGTCGAAGATGGGACCGTTCAGCTCGCCGACCATT
ACCAGCAGAACACACCCATAGGCGATGGACCCGTTTTGCTTCCTGATAATCACTATTTGTCTACGCAAAGTGTGTT
GAGTAAGGATCCAAACGAAAAGCGCGACCATATGGTGTTGCTGGAATTTGTCACTGCCGCGGGCATTACGCATGGG
ATGGATGAACTCTACAAAGGGGGAACTGGCGGGTCTATGGTGTCCAAAGGGGAAGAACTGTTTACTGGAGTAGTTC
CAATCCTTGTGGAACTCGACGGTGATGTAAACGGACATAAATTCAGCGTACGAGGTGAGGGAGAGGGAGATGCCAC
AAACGGCAAACTGACTCTCAAATTTATATGCACTACCGGCAAACTGCCAGTCCCTTGGCCTACCTTGGTAACCACT
TTGACATATGGCGTTCAATGCTTTTCCAGGTACCCTGATCACATGAAACGACACGATTTCTTTAAAAGCGCGATGC
CAGAAGGGTATGTGCAGGAGCGGACTATAAGTTTTAAGGACGACGGGACCTATAAAACTAGGGCAGAGGTCAAATT
CGAGGGCGATACGCTTGTCAACAGGATAGAGCTCAAGGGAATAGATTTTAAGGAGGATGGTAATATACTGGGTCAT
AAGTTGGAGTATAACTTTAACACTCGGAAATACGGTATAGGGTTTCCCAAAGGTAGTCCCCTTGTCGCAAAGGTTA
ATGCAGAACTTGCACGGATGAAGGCGGACGGCCGATATGCAAAGATATATAAGAAGTGGTTCGGGTCAGAACCACC
CAAGAGTCAGTAAAAGCTTGGCTGTTTTGGCGGATG

Figure A-8 - DNA sequence of Qigon1 in pBAD/HisB.

DNA sequence for Qigon1 in pBAD/HisB annotated for its features. Sequences in blue are
part of the pBAD vector (beginning at the start codon of the reading frame and including
its N-terminal tags; bolded sequence indicates the polyhistidine tag). Bases highlighted in
yellow indicate the Xho/and Hindlll restriction sites. Orange sequence is for BpQBP, green
sequence is cpsfGFP, and grey sequences are for the linker regions. Italicized bases
indicate the homologous sequences used for assembly; the complements of these

italicized bases were used as the primers to generate linearized vector by PCR.
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GGGCTAACAGGAGGAATTAACCATGGGGGGTTCTAGCTCGAGAATGGGACGTGGCGTTCCTCATATTGTTATGGTG
GACGCCTACAAACGCTATAAAT CGGGAGGTGGTTCAGGCATGAAGGAACTTGTGGTGGGGACCGATACTAGTTTTA
TGCCCTTCGAGTTTAAGCAGGGAGATAAATATGTGGGCTTTGACTTGGATCTCTGGGCGGAGATAGCGAAGGGTGC
GGGGTGGACGTATAAGATCCAACCCATGGATTTCGCAGGACTCATACCTGCCTTGCAAACACAAAATATAGATGTT
GCTCTCAGTGGAATGACCATAAAGGAAGAACGGCGCAAGGCCATTGATTTTTCTGATCCTTACTATGATAGCGGCC
TTGCTGCTATGGTGCAAGCGAACAATACCACTATTAAATCAATCGACGACTTGAATGGAAAAGTAATTGCCGCGAA
AACCGGCACAGCAACAATAGATTGGATTAAAGCTCACTTGAAACCGAAAGAGATCCGACAATTCCCGAACATCGAT
CAGGCGTATTTGGCCCTTGAGGCAGGCCGCGTTGATGCTGCAATGCATGATACCCCTAATGTGCTTTTCTTTGTGA
ATAACGAGGGTAAAGGCCGAGTCAAAGTGGCTGGCGCTCCTGTTAGCCTGGATGCGCACAATGTGTATATCACAGC
GGACAAGCAGAAGAACGGGATAAAAGCGAATTTCAAGATTCGACACAATGTCGAAGATGGGACCGTTCAGCTCGCC
GACCATTACCAGCAGAACACACCCATAGGCGATGGACCCGTTTTGCTTCCTGATAATCACTATTTGTCTACGCAAA
GTGTGTTGAGTAAGGATCCAAACGAAAAGCGCGACCATATGGTGTTGCTGGAATTTGTCACTGCCGCGGGCATTAC
GCATGGGATGGATGAACTCTACAAAGGGGGAACTGGCGGGTCTATGGTGTCCAAAGGGGAAGAACTGTTTACTGGA
GTAGTTCCAATCCTTGTGGAACTCGACGGTGATGTAAACGGACATAAATTCAGCGTACGAGGTGAGGGAGAGGGAG
ATGCCACAAACGGCAAACTGACTCTCAAATTTATATGCACTACCGGCAAACTGCCAGTCCCTTGGCCTACCTTGGT
AACCACTTTGACATATGGCGTTCAATGCTTTTCCAGGTACCCTGATCACATGAAACGACACGATTTCTTTAAAAGC
GCGATGCCAGAAGGGTATGTGCAGGAGCGGACTATAAGTTTTAAGGACGACGGGACCTATAAAACTAGGGCAGAGG
TCAAATTCGAGGGCGATACGCTTGTCAACAGGATAGAGCTCAAGGGAATAGATTTTAAGGAGGATGGTAATATACT
GGGTCATAAGTTGGAGTATAACTTTAACACTCGGAAATACGGTATAGGGTTTCCCAAAGGTAGTCCCCTTGTCGCA
AAGGTTAATGCAGAACTTGCACGGATGAAGGCGGACGGCCGATATGCAAAGATATATAAGAAGTGGTTCGGGTCAG
AACCACCCAAGAGTCAGCAAGCTTCCGGCCATCATCATCATCATCATTAA

Figure A-9 - Sequence of cHis-pBAD-SpyTag003-Qigon.

DNA sequence for Qigon1 in cHis-pBAD with SpyTag003 at the N-terminus and
annotated for its features. Sequences in blue are part of the vector (with the polyhistidine
tag bolded) while the sequence for SpyTag003 is coloured in red (with the start codon
bolded). The rest of the colour scheme is identical to that in Figure A-8. Italicized bases

were appended to the gene encoding Qigon1 by PCR for assembly.
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ATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGT
ACGACGATGACGATAAGGATCCGAGCTCGAGAATGGTCGACTCATCACGTCGTAAGTGGAATAAGTGGGGTCGCGC
AGTCAGAGCTATAGGTCGGCTGAGCTTA GAGATGATGTATCCGGCAGATGGTGGTCTGAGAGGA
TTCACTGACATCGCTCTGAAAGTTGATGGTGGTGGCCAACTGCGCTGCAACTTCGTGACAACTTACAGGTCAAAAA
AGACCGTCGGGAACATCAAGATGCCCGGTGTCCATGCCGTTGATCACCGCCTGGARAGGATCGAGGAGAATGACGA
TGAAACATACGTAGTGCAACGCGAAGTGGCAGTTGCCAAATACAGCAACCTTGGTGGTGGCGGCGGTACCGGAGGG
AGCATGAACTCTCTGATCAAGGAAGATATGCGTATGAAGGTGGTCATGGAAGGATCGGTCAACGGCCACCAATTCA
AATGCACAGGTGAAGGCGAAGGCAGACCGTATGAGGGAACTCAAACCATGAGGATCAAAGTCATCGAGGGAGGACC
CCTGCCATTTGCCTTTGACATTCTTGCCACGTCGTTCATGTATGGCAGTCGTACTTTTATCAAGTACCCGGCCGAC
ATCCCTGATTTCTTTAAACAGTCCTTTCCTGAGGGTTTTACTTGGGAAAGAGT TACGATATACGAAGATGGTGGAG
TCGTCGCCGTCACGCAGGACACCAGCCTTGAGGATGGCGAGCTCGTCTACAGCGTCAAGGTCAGAGGGGTAAACTT
TCCCTCCAATGGTCCCGTGATGCAGAAGAAGACCAAGGGTTGGGAGCCT

GGTTAACTACGAAGAGTTCGTTCAAATGATGACCGCCAAGT AL ENleloliliNelelolelsiliiieleloleleX:\xe

Figure A-10 — RCaMP3 in pBAD/HisB.

DNA sequence for RCaMP3 in pBAD/HisB annotated for its features. Sequences in blue
are part of the pBAD vector with the first section encoding the pBAD N-terminal tags
(bolded sequence highlights the polyhistidine tag). Bases highlighted in yellow indicate the
Xholand Hindllll restriction sites. The sequence in purple encode for the RS20 peptide, red
for comRuby3, yellow and highlighted in black for CaM, and grey for the linker regions.
ltalicized bases indicate the homologous sequences used for assembly; the complements

of the italicized sequences were used as the primers to produce linearized vector by PCR.
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ATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGT
ACGACGATGACGATAAGGATCCGAGCTCGAGAATGGTAGATTCCTCTAGAAGARAGTGGAATAAGTGGGGCCATGC
AGTTCGGGCAATAGGTCGCCTGTCTTCT GAGATGATGTACCCAGCCGACGGTGGGTTGCGGGGA
TACACCCACATGGCCTTGARAGTGGATGGCGGGGGGCACTTGAGTTGTTCCTTCGTTACCACCTATAGGTCTAAGA
AGACTGTAGGGAATATAAAAATGCCTGCTATTCATTACGTCAGTCATCGCCTTGAACGGCTTGAAGAATCCGACAA
CGAAATGTTCGTGGTACAACGCGAGCATGCGGTAGCAAAATTCGTAGGACTTGGCGGGGGCGGAGGGACTGGAGGA
TCTATGAACTCTCTCATAAAAGAGAACATGCGCATGAAGGTTGTCCTTGAAGGGAGCGTARACGGCCATCAATTCA
AATGTACTGGCGAGGGCGAAGGCAATCCTTATATGGGAACACAGACCATGCGGATAAAGGTAATAGAGGGCGGCCC
TCTTCCATTTGCTTTCGATATTCTGGCAACGAGTTTCATGTACGGCTCTCGGACATTTATCAAATACCCAAAAGGT
ATTCCAGACTTCTTCAAGCAAAGTTTTCCCGAAGGATTCACGTGGGAGAGGGTAACAAGATATGAGGATGGCGGAG
TCATCACCGTAATGCAAGATACGTCACTTGAGGACGGGTGTCTCGTCTATCACGTACAGGTGAGAGGAGTCAACTT
CCCATCCAATGGTGCCGTAATGCAGAAAAAGACTAAAGGTTGGGAGCCA
GGTCAACTATGAGGAATTTGTACAAATGATGACAGC TAAATAGKIACoUNNeleloiNesbiNelclslelertye

Figure A-11 —jRCaMP1b in pBAD/HisB.

DNA sequence for jJRCaMP1b in pBAD/HisB annotated for its features following the

scheme described in Figure A-10.

230



TAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTGCCGCCACCATGGCCTCGAGCATGCATCATCATCAT
CATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCCGA
GCTCGAGAATGGTCGACTCATCACGTCGTAAGTGGAATAAGTGGGGTCGCGCAGTCAGAGCTATAGGTCGGCTGAG
CTTA GAGATGATGTATCCGGCAGATGGTGGTCTGAGAGGATTCACTGACATCGCTCTGAAAGTT
GATGGTGGTGGCCAACTGCGCTGCAACTTCGTGACAACTTACAGGTCAAAAAAGACCGTCGGGAACATCAAGATGC
CCGGTGTCCATGCCGTTGATCACCGCCTGGAAAGGATCGAGGAGAATGACGATGAAACATACGTAGTGCAACGCGA
AGTGGCAGTTGCCAAATACAGCAACCTTGGTGGTGGCGGCGGTACCGGAGGGAGCATGAACTCTCTGATCAAGGAA
GATATGCGTATGAAGGTGGTCATGGAAGGATCGGTCAACGGCCACCAATTCAAATGCACAGGTGAAGGCGAAGGCA
GACCGTATGAGGGAACTCAAACCATGAGGATCAAAGTCATCGAGGGAGGACCCCTGCCATTTGCCTTTGACATTCT
TGCCACGTCGTTCATGTATGGCAGTCGTACTTTTATCAAGTACCCGGCCGACATCCCTGATTTCTTTAAACAGTCC
TTTCCTGAGGGTTTTACTTGGGAAAGAGTTACGATATACGAAGATGGTGGAGTCGTCGCCGTCACGCAGGACACCA
GCCTTGAGGATGGCGAGCTCGTCTACAGCGTCAAGGTCAGAGGGGTAAACTTTCCCTCCAATGGTCCCGTGATGCA

GAAGAAGACCAAGGGTTGGGAGCCT

GATAAGGATGGCAATGGCTACATCGGTGCAGCAGAGCTTCGCCACGCGATGACAAACCTTGGAGAGAAGTTAACAG

ATGCTGAGGTTGATGAGTTGATCAGGGAGGCCGATTCCGATGGCGACGGACAGGTTAACTACGAAGAGTTCGTTCA|

T Gl NeReNy /. CC T TAAGTTTAAACCGCTGATCAGC
Figure A-12 — DNA sequence for pcDNAS.1m-6His-RCaMP3

DNA sequence for RCaMP3 with the pBAD N-terminal tags in pcDNA3.1m. The sequence
is annotated for its features following the scheme described in with the addition of the

vector sequence shown in green.
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TAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTGCCGCCACCATGGCCTCGAGCATGCATCATCATCAT
CATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCCGA
GCTCGAGAATGGTAGATTCCTCTAGAAGAAAGTGGAATAAGTGGGGCCATGCAGTTCGGGCAATAGGTCGCCTGTC
TTCT GAGATGATGTACCCAGCCGACGGTGGGTTGCGGGGATACACCCACATGGCCTTGAAAGTG
GATGGCGGGGGGCACTTGAGTTGTTCCTTCGTTACCACCTATAGGTCTAAGAAGACTGTAGGGAATATAAAAATGC
CTGCTATTCATTACGTCAGTCATCGCCTTGAACGGCTTGAAGAATCCGACAACGAAATGTTCGTGGTACAACGCGA
GCATGCGGTAGCAAAATTCGTAGGACTTGGCGGGGGCGGAGGGACTGGAGGATCTATGAACTCTCTCATAAAAGAG
AACATGCGCATGAAGGTTGTCCTTGAAGGGAGCGTAAACGGCCATCAATTCAAATGTACTGGCGAGGGCGAAGGCA
ATCCTTATATGGGAACACAGACCATGCGGATAAAGGTAATAGAGGGCGGCCCTCTTCCATTTGCTTTCGATATTCT
GGCAACGAGTTTCATGTACGGCTCTCGGACATTTATCAAATACCCAAAAGGTATTCCAGACTTCTTCAAGCAAAGT
TTTCCCGAAGGATTCACGTGGGAGAGGGTAACAAGATATGAGGATGGCGGAGTCATCACCGTAATGCAAGATACGT
CACTTGAGGACGGGTGTCTCGTCTATCACGTACAGGTGAGAGGAGTCAACTTCCCATCCAATGGTGCCGTAATGCA

GAAAAAGACTAAAGGTTGGGAGCCA TCCCAATTGACAGAAGAACAGATCGCGGAGTTCAAGGAAGCGTTT
TCACTGTTTGACAAAGATGGGGACGGGACGATCACTACTAAGGAGATGGGAACAGTCATGAGATCTCTCGGACAAA|
ATCCCACGGAGGCAGAATTGCAAGACATGATAAATGAGGTAGACGCAGATGGTGACGGGACCATTGATTTTCCCGA|

GTTTCTGATTATGATGGCAGGCAAAATGAAATATACGGATTCCGAAGAAGAAATACGGGAGGCGTTCGGCGTCTTC
GATAAAGATGGGAATGGATACATATCAGCGGCTGAGCTCAGGCATGTCATGACGAATCTGGGTGAGAAGCTGACCG

ATGAAGAGGTAGACGAGATGATCAGGGAGGCGGATAGCGACGGAGACGGCCAGGTCAACTATGAGGAATTTGTACA|

TSN YSNe /- C T TAAGTTTAAACCGCTGATCAGC
Figure A-13 — DNA sequence of pcDNAS.1m-6His-jRCaMP1b.

DNA sequence for jJRCaMP1b with the polyhistidine tag in pcDNA3.1m annotated for its

features following the scheme described in Figure A-12.
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ATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGT
ACGACGATGACGATAAGGATCCGAGCTCGAGAATGGGCAGCGTGAAGCAGATCCCTAGCCTGACCACAGTGATCCT
GGTCAAGTCCATGCTGCGGAAGCGGAGCTTCGGCAACCCCTTC GAGTACCTGGTGCCTGTGGAC
GGTGGCCTGGCAGGCACATGTGACATGGCCCTGAGACTCGTTGGCGGCGGACACCTGAAGTGCAACCTGAAAACCA
CCTACAGAAGCAAGAAGCCCGCCAAGAACCTGAAGATGCCTGGCGAACACCAGGTGGGCCGGAAGCTGGAAAGAAT
CAAAGAGGCCGACAACGAGACATACGTGGAACAGCACGAAGTGGCCGTGGCCAGATATGTTGGACTTGGCGGAGGC
GGAGGAACAGGCGGATCTGTGTCTGAGCTGATCAAAGAAAACATGCGGATGAAGCTCTACTTGGAAGGGACCGTCG
GCAACCACCACTTCAAGTGTACTGCCGAAGGCGAGGGCAAGCCCTATGAGGGAACACAGACCCAGCGGATCAAGGT
GGTGGAAGGTGGCCCTCTGCCTTTCGCCTTTGACATCCTGGCCACCTGTTTTATGTACGGCAGCAAGACCTTCATC
AACTATCCCCAGGGCATCCCCGATTTCTTCAAGCAGAGCTTCCCCGAGGGCTTCACCTGGGAGAGAGTGACCACAT
ACGAGGATGGCGGCGTGCTGACCGTGACACAGGATACAAGCCTCCAGGACGGCTACCTGATCTACAATGTGAAGCT
GCTGGGCGTGAACTTCCCCAGCGATGGACCCGTGATGCAGAAGAAAACCCTCGGCTGG GGCACG

TGAGACGCGTGATGGCCGATCTGGGCGAGAAGCTGACTGACGAAGAGGTTGACGAGATGATCAGAGTGGCCGACAT

CGACGGCGACGGACAAGTGAACTACGAAGAGTTCGTGCAGATGATGACCGCCAAGTAGE:IE/oNNICEIoNNEN NN elcio}

GGATG
Figure A-14 — pBAD-FR-GECO1a DNA sequence.

DNA sequence for FR-GECO1a in pBAD/HisB with sequences in blue representing the
pBAD/HisB backbone, purple representing the ckkap peptide, grey showing the linkers,
red showing the sequence for comKelly2, and yellow on black background encoding for
CaM. Bases in bold show the polyhistidine tag, while those highlighted in yellow are the

Xholand Hindllll restriction sites. Italicized bases indicate the homologous sequences used

233



for assembly; the complements of the italicized sequences were used as the primers to

produce linearized vector by PCR.

ATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGT
ACGACGATGACGATAAGGATCCGAGCTCGAGAATGGGCAGCGTGAAGCAGATCCCTAGCCTGACCACAGTGATCCT
GGTCAAGTCCATGCTGCGGAAGCGGAGCTTCGGCAACCCCTTC GAGACCCTGGTGCCTGTGGAC
GGTGGCCTGGCAGGCACATGTGACATGGCCCTGAGACTCGTTGGCGGCGGACACCTGAAGTGCAACCTGAAAACCA
CCTACAGAAGCAAGAAGCCCGCCAAGAACCTGAAGATGCCTGGCGAACACCAGGTGGGCCGGAAGCTGGAAAGAAT
CAAAGAGGCCGACAACGAGACATACGTGGAACAGCACGAAGTGGCCGTGGCCAGATATGTTGGACTTGGCGGAGGC
GGAGGAACAGGCGGATCTGTGTCTGAGCTGATCAAAGAAAACATGCGGATGAAGCTCTACTTGGAAGGGACCGTCG
GCAACCACCACTTCAAGTGTACTGCCGAAGGCGAGGGCAAGCCCTATGAGGGAACACAGACCCAGCGGATCAAGGT
GGTGGAAGGTGGCCCTCTGCCTTTCGCCTTTGACATCCTGGCCACCTGTTTTATGTACGGCAGCAAGACCTTCATC
AACTATCCCCAGGGCATCCCCGATTTCTTCAAGCAGAGCTTCCCCGAGGGCTTCACCTGGGAGAGAGTGACCACAT
ACGAGGATGGCGGCGTGCTGACCGTGACACAGGATACAAGCCTCCAGGACGGCTACCTGATCTACAATGTGAAGCT
GCTGGGCGTGAACTTCCCCAGCGATGGACCCGTGATGCAGAAGAAAACCCTCGGCTGG GGCACG

CTGACAGAAGAACTGATCGCCGAGTTCAAAGAAGCCTTCAGCCTGTTCGACAAGGACGGCGACGGCACCATCACCA
CCAAAGAACTGGGCTCCGTGATGCGGAGCCTGGGCCAGAATCCAACAGAAGCCGAACTCCAGGACATGATCAACGA
GGTGGACGCCGATGGCGACGGAACCTTCGATTACCCTGAGTTCCTGACCATGATGTCCCGGAAGATGAGCTACAGA

GTGACCGAGGAAGAGATCCGGGAAGCCTTCCAGGTTTTCGATAAGGATGGCAACGGCTACATCGGAGCCGCCGAAC
TGAGACGCGTGATGGCCGATCTGGGCGAGAAGCTGACTGACGAAGAGGTTGACGAGATGATCAGAGTGGCCGACAT

CGACGGCGACGGACAAGTGAACTACGAAGAGTTCGTGCAGATGATGACCGCCAAGTAGE:IE/oNNCEIoNNEN NN elcio}

GGATG

Figure A-15 — pBAD-FR-GECO1c DNA sequence.
DNA sequence for FR-GECO1c¢ in pBAD/HisB with the same annotation scheme as Fig

A-14.

ure
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TACCACTGAGATCTGCATGCTAGCCGCCACCATGGGCAGCGTGAAGCAGATCCCTAGCCTGACCACAGTGATCCTG
GTCAAGTCCATGCTGCGGAAGCGGAGCTTCGGCAACCCCTTC GAGTACCTGGTGCCTGTGGACG
GTGGCCTGGCAGGCACATGTGACATGGCCCTGAGACTCGTTGGCGGCGGACACCTGAAGTGCAACCTGAAAACCAC
CTACAGAAGCAAGAAGCCCGCCAAGAACCTGAAGATGCCTGGCGAACACCAGGTGGGCCGGAAGCTGGAAAGAATC
AAAGAGGCCGACAACGAGACATACGTGGAACAGCACGAAGTGGCCGTGGCCAGATATGTTGGACTTGGCGGAGGCG
GAGGAACAGGCGGATCTGTGTCTGAGCTGATCAAAGAAAACATGCGGATGAAGCTCTACTTGGAAGGGACCGTCGG
CAACCACCACTTCAAGTGTACTGCCGAAGGCGAGGGCAAGCCCTATGAGGGAACACAGACCCAGCGGATCAAGGTG
GTGGAAGGTGGCCCTCTGCCTTTCGCCTTTGACATCCTGGCCACCTGTTTTATGTACGGCAGCAAGACCTTCATCA
ACTATCCCCAGGGCATCCCCGATTTCTTCAAGCAGAGCTTCCCCGAGGGCTTCACCTGGGAGAGAGTGACCACATA
CGAGGATGGCGGCGTGCTGACCGTGACACAGGATACAAGCCTCCAGGACGGCTACCTGATCTACAATGTGAAGCTG
CTGGGCGTGAACTTCCCCAGCGATGGACCCGTGATGCAGAAGAAAACCCTCGGCTGG GGCACGC
TGACAGAAGAACTGATCGCCGAGTTCAAAGAAGCCTTCAGCCTGTTCGACAAGGACGGCGACGGCACCATCACCAC
CAAAGAACTGGGCTCCGTGATGCGGAGCCTGGGCCAGAATCCAACAGAAGCCGAACTCCAGGACATGATCAACGAG

GTGGACGCCGATGGCGACGGAACCTTCGATTACCCTGAGTTCCTGACCATGATGTCCCGGAAGATGAGCTACAGAG
TGACCGAGGAAGAGATCCGGGAAGCCTTCCAGGTTTTCGATAAGGATGGCAACGGCTACATCGGAGCCGCCGAACT

GAGACGCGTGATGGCCGATCTGGGCGAGAAGCTGACTGACGAAGAGGTTGACGAGATGATCAGAGTGGCCGACATC

GACGGCGACGGACAAGTGAACTACGAAGAGTTCGTGCAGATGATGACCGCCAAGTAGINELVVACIGHNNEICHVGISEVNE(S

TCGGATCCACTAGTCCAGTGT

Figure A-16 — pCAG-FR-GECO1a DNA sequence.
DNA sequence for FR-GECO1a in pcDNAS.1/Puro-CAG with the same annotation
scheme as Figure A-14 but the vector backbone sequence in green. FR-GECO1¢ would

be inserted similarly.
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