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Abstract

Fluorescence imaging enables direct visualization of cellular activities with remarkable
resolutions supported by advancing technologies. The fluorescent markers for biomolecules
complement the hardware and software for imaging a specific target in detail. Genetically encoded
fluorescent proteins enable imaging in live cells with a spatiotemporal resolution and can be
targeted to a specific subcellular region of a cell or a specific cell type of a tissue. While most
biomolecules can be visualized with a fused fluorescent protein, more sophisticated biosensors are
required to report a specific small molecule or ion (e.g., Ca*" biosensors), protein-protein
interactions (e.g., Split GFP), or enzymatic activity (e.g., kinase biosensor). These biosensors are
valuable tools that have revolutionized the way scientists investigate biological questions.

Well aligned with the expertise of the Campbell lab in genetically encoded indicator
development, my thesis focuses on genetically encoded biosensors to detect ligands including
potassium ion (K), insulin, and the brain derived neurotropic factor (BDNF); and protein-protein
interactions with dimerization-dependent fluorescent proteins (ddFPs) and FRET pairs of
DipdTFP (Discosoma peripheral dTFP) and dTomato. The proposals of biosensors are based on
two criteria: the potential impact and feasibility. All the projects listed above can potentially make
a difference in biological research. Potassium ion is one of the most abundant biological ions that
has many implications in human; abnormal level of K" concentration has been reported in various
diseased conditions. Insulin is a major biomolecule for blood glucose regulation and is associated
with diabetes, a common and uncurable metabolic condition. BDNF is a nerve growth factor that
has implications in neurological diseases. Protein-protein interactions are commonly investigated
in biology. The feasibility of biosensor development largely relies on the availability of binding

proteins: potassium binding protein (Kbp), human insulin receptor (hIR), insulin degrading
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enzyme (IDE), and BDNF pre-peptide. The ddFPs and FRET based DipdTFP/dTomato pair uses
engineered interface interaction to detect protein-protein interactions.

The main projects in this thesis are on the K' biosensor development. KIRIN1 and
GINKO1 were developed for intracellular K™ detection as described in Chapter 2. GINKO1 was
further optimized to GINKO2a and GINKO2b in Chapter 3, with greatly improved sensitivity and
specificity. In Chapter 4, I describe the effort towards tackling the major obstacle of the K"
biosensor project, developing a functional extracellular displayed version.

The ddFP optimization work in Chapter 5 was a continuous effort to further improve the
previous development ddFPs in the Campbell lab. The optimization led to some improvements in
ddRFP brightness but not sufficiently brighter to show a difference in the mammalian system. The
work on ddGFP did not yield variants much brighter.

In Chapter 6, a DipdTFP/dTomato FRET pair was engineered by replacing the exterior
residues of dTFP with that of dTomato. The surface residue engineering successfully allows
heterodimer to form, but with a high affinity. More work is required to weaken this interaction for
proper protein-protein interaction detection.

Finally, the appendix chapter describes my attempt on prototyping insulin and BDNF
biosensors. The designed prototype indicators were constructed and tested with the corresponding
ligands, further investigations and optimizations is required to for the development of functional

biosensors.
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Preface

The work on genetically encoded K* indicators, described in Chapter 2, 3, and 4, was a
collaborative work among the Campbell lab and external collaborators. The work in Chapter 2 was
led by Dr. Yi Shen and published as Yi Shen, Sheng-Yi Wu, Vladimir Rancic, Abhi Aggarwal,
Yong Qian, Shin-Ichiro Miyashita, Klaus Ballanyi, Robert E. Campbell, Min Dong in
Communications Biology in 2019 with a title of “Genetically encoded fluorescent indicators for
imaging intracellular potassium ions™'. YS performed design and construction of the indicators.
YS, SYW, and AA performed in vitro characterization. YS, SYW, and SIM performed plasmid
construction. YS and SYW performed live imaging in mammalian cell lines. VR and YQ
performed imaging in dissociated neurons. YS, KB, REC, and MD supervised the research. YS,
REC, and MD wrote the manuscript.

The work in Chapter 3 is being written for submission as Sheng-Yi Wu, Yurong Wen, Abhi
Aggarwal, Vladimir Rancic, Brian Taylor, Terence Hwa, Klaus Ballanyi, M. Joanne Lemieux, Yi
Shen, Robert E. Campbell. SYW and YS performed plasmid construction. YW performed X-ray
crystallography. SYW performed GINKO optimization with site directed mutagenesis and
directed evolution. SYW performed protein purification and in vitro characterization. SYW and
VR performed mammalian cell imaging. AA performed the stopped flow. BT performed the E.
coli growth experiment. TH, KB, JL, YS, and REC supervised the research. SYW, YS, and REC
wrote the manuscript.

In the work described in Chapter 4, SYW performed plasmid construction, GINKO
optimization with site directed mutagenesis and directed evolution, in vitro characterization, and

mammalian cell imaging.
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In Chapter 5 and 6, SYW performed protein engineering of dimerization dependent
fluorescent proteins (ddFPs) and the FRET-based DipdTFP and dTomato pair and in vitro

characterization.
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Chapter 1 Indicators for imaging monoatomic ions in biology

1.1 Abstract

Monoatomic ions play critical roles in biology: maintaining the fluid balance, transmitting
signals, catalyzing redox reactions, and many more diverse functions. Our ability to measure the
local concentration, and detect dynamic changes in concentration, of monoatomic ions is essential
to understand their biological functions. Imaging technology allows such detections but requires
suitable indicators. Genetically encoded and small synthetic indicators are both effective types of
indicators. In this chapter, we will provide a guideline for potential users to choose an appropriate
indicator for their application and an overview for indicator developers to identify unexplored

opportunities or seek approaches to improve existing indicators.

1.2 Introduction

Life is composed of, and made possible by, a combination of organic and inorganic
substances. The macromolecular organic substances are defined as substances containing the
elements of carbon and hydrogen and can be roughly categorized into four classes: carbohydrates,
lipids, proteins, and nucleic acids. The small biological molecules include vitamins (e.g., biotin
and niacin), neurotransmitters (e.g., dopamine and acetylcholine), and metabolites (e.g., lactate
and melanin). Examples of inorganic substances include water, calcium phosphate in bones and
shells, and ions. Some ions are essential inorganic nutrients just like some vitamins are essential
organic nutrients. The most highly abundant monoatomic ions include sodium (Na*), potassium
(K", calcium (Ca?"), iron (Fe*'/Fe**) and chloride (CI). The trace ions include zinc (Zn?"),
molybdenum (Mo"), cobalt (Co"), copper (Cu?>*/Cu*), and manganese (Mn>")2. They all have

important roles in physiology: Some serve as electrolytes that play roles in maintenance of osmotic



pressure and pH; some are involved in neuronal activities; and some are incorporated into a larger
structure such as a cofactor or an enzyme to facilitate catalysis®. To better understand their roles
in cellular functions, researchers have been actively measuring their concentrations, investigating
their locations within tissues and cells, and tracing the dynamic concentration change during
cellular activities.

A variety of methods have been developed to measure concentration of metal ions, whether
they are bound or free. These include flame or graphite furnace atomic absorption spectroscopy
(AAS) and inductively coupled plasma mass spectrometry (ICP-MS)*®. The elemental analysis
by AAS is performed one element at a time, while ICP-MS can quantitatively measure multiple
elements at a time. Although these methods can detect the metals with very high sensitivity (parts
per billion for AAS and parts per trillion for ICP-MS), they cannot distinguish the bound and free
ions or provide any insight into localization in tissue or the dynamics of ion concentration changes.
Knowing the free ion concentration is important because the bound ions cannot be translocated
across organelle or plasma membrane through ion channels or transporters, therefore considered
inaccessible to ion dynamics. Adapting mass spectrometry with fixed biological samples has
enabled elemental mapping at a cellular or subcellular level’. Yet, these techniques fail to provide
dynamic information because they are destructive and cannot be used on living tissue.

Dynamic changes are a key to life and fluxes of ions are the foundation of many important
intra- and intercellular processes. Moreover, the dynamics can also reflect a cellular response to
an environmental perturbation. The ability to image ion concentrations allows us to study how ions
are regulated and transported after a certain stimuli or condition. Tools that enable such
measurements in live cells are of particularly of interest, especially for neurons where the ion

changes are transient and localized. lon-specific electrodes are one of the methods that are



commonly used for electrophysiology of activatable cells. It can provide real-time measurements
at a single cell level. On the other hand, it is very challenging, or often impractical, to use electrodes
to measure multiple cells simultaneously or measure ion concentrations at a subcellular level. For
many applications, light microscopy is an indispensable and advantageous technique that allows
direct visualization of ion dynamics in multiple cells at once, and with subcellular resolution, when
using appropriate indicators.

Fluorescent or bioluminescent indicators are today’s mainstream indicators. They not only
allow dynamic measurements with sensitivity and selectivity, but also allow higher throughput and
subcellular measurements. The imaging can be complemented with simultaneous electrode
measurement in some cases. The indicators can be either small molecule-based synthetic indictors
or genetically encoded indicators. The synthetic dyes are usually brighter and more photostable,
but they can be complicated by issues of loading and subcellular or cell-specific targeting®.
Genetically encoded indicators can usually be conveniently expressed by the cellular machineries
and specifically displayed on the cell membrane with a leader peptide fused to N terminus of the
indicator. However, they are often placed at disadvantage due to their low brightness, low

photostability, and/or pH sensitivity. In this chapter, we will look at these indicators in detail.

1.3 Ca?' indicators

1.3.1 The role of Ca’* in cell physiology

Ca*' is involved in many important physiological activities including the roles as a second
messenger and a neurotransmitter” !’ As a second messenger in all types of cells, Ca** can regulate
many cellular activities, including motility involving cytoskeleton, enzymatic activity via
phosphorylation and dephosphorylation, and secretion of biomolecules such as neurotransmitters.

In neurons, the voltage sensitive Ca** channel opens during an action potential to allow Ca*" to



enter along the concentration gradient'®. The Ca®" ions can bind to many intracellular Ca** binding
proteins including calmodulin, which leads to neurotransmitter release and signal propagation.
Because Ca’" undergoes dramatic changes in localization and local concentration during signalling
events with a much larger net movements than other biological ions, being able to measure Ca**

concentration dynamics is particularly of interest.
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The local concentration of Ca?" varies from nM to mM in cells. At resting state, the
intracellular level is usually kept as low as 100 nM!'!. Ca®>" is being actively pumped out to
extracellular space or into endoplasmic reticulum or mitochondria by Ca** pump or Na*/Ca?*
exchanger for storage. Extracellular Ca®" is maintained at 1 mM, 10000-fold of its intracellular
concentration. Because of the importance of Ca?*, being able to detect Ca>* becomes vital to many
different research fields. To accommodate the different ranges of Ca?* in a variety of environments,
sensors with different affinities are also in demand. The diversity of Ca?* sensors created thus far
has contributed to and facilitated the research enormously, which will be described in detail.
1.3.2 Synthetic small molecules for Ca’* detection

Small molecule-based Ca?" indicators usually contain a fluorophore and a Ca** chelator.
The indicators function through photo-induced electron transfer (PET) — the fluorescence of
fluorophore is modulated by the electron-rich or electron-withdrawing group nearby'?. The
electron rich Ca®" chelator quenches the fluorescence of the fluorophore in absence of Ca*" and

the quenching is disrupted once Ca*" binds to the chelator.



BAPTA Fura-2 Indo-1

Figure 1.2. Molecular structures of selected small molecule-based Ca?* indicators.

1.3.2.1 BAPTA and BAPTA-based Ca*" indicators

The development of BAPTA (1,2-bis(o-aminophenoxy) ethane-N,N,N',N'-tetraacetic acid)
by Roger Tsien and his coworkers in 1980 is a milestone in the history of synthetic fluorescent
Ca?" indicators'®. Many later synthetic fluorescent Ca** indicators are based on BAPTA, an EGTA
(ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid) analog. EGTA is a Ca®"
chelator that prefers Ca®* over other cations such as Mg?*. Like EGTA, BAPTA interacts with
Ca?" with coordination through the four carbonyl oxygens, as well as two ether oxygens and the
nitrogen of tertiary amine groups. BAPTA has a K4 of 1.1 x 10”7 M and has a selectivity for Ca**
10° times greater than that for Mg?*. Structurally, BAPTA differs from EGTA by replacing the
methylenes between the nitrogen and the ether oxygen with a benzene ring. The delocalized
electrons of the aromatic rings allow the compound to fluoresce. Upon Ca** binding, the nitrogen
atoms are bent away from the same plane of the nearby benzene ring due to the structural constraint.
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This results in a major shift in the absorbance spectrum. The absorbance peaks are at 254 nm (¢ =
1.6 x 10*M'em™) and 287 nm (e = 5.6 x 10° M"'ecm™) in absence of Ca®* and they are at 274 nm
(=42 x10°M'em™) and 203 nm (¢ = 4.1 x 10*Mem™) with 1 mM Ca?'. The emission peaks
at 363 nm, with fluorescence intensity lowered by the presence of Ca".

BAPTA was a great innovation at the time because the compound can be easily modified
to adjust the affinity to its ligand Ca®", as well as its major competitor Mg?". The affinity can be
increased by an electron-releasing group (e.g., methyl group) on the benzene rings and decreased
by an electron-withdrawing group (e.g., bromide group) on the rings. BAPTA was later modified
more intensively to create better Ca>* sensors.

Derived from BAPTA, quin-2 is a green fluorescent indicator providing a positive response
upon Ca*" binding'*. Its maximum excitation wavelength is at 339 nm and maximum emission
wavelength is at 492 nm. The K of the indicator is 115 nM for Ca** and is suitable for the cytosolic
Ca®" detection. Its K4 for Mg?" is in the range of mM, making quin-2 selective for Ca®*. Quin-2
has an extinction coefficient <5000 M-'em™ and quantum yield from 0.03-0.14. As quin-2 is not
membrane-permeable, the compound was modified with addition of an acetoxymethyl (AM) group
on its carboxylic groups to allow it for cell entry. The acetoxymethyl groups will be cleaved by
the esterase in the cytosol to convert quin-2 AM to the functional quin-2.

With the success of quin-2, more derivatives of BAPTA were explored to create better Ca**
indicators. Noticeably, indo-1 and fura-2 were better indicators that have brighter fluorescence and
provide ratiometric measurements'®. Both indicators have a Kq around 250 nM, slightly larger than
that of quin-2. Indo-1 emits cyan light at 485 nm in Ca®" free environment and violet light at 410
nm in Ca®" rich environment, with excitation spectra peak at 349 nm and 331 nm, respectively.

The ratiometric changes in emission spectra upon Ca** binding allows more sensitivity in detection.



Contrarily, fura-2 is green fluorescent with a minor shift in emission peak from 512 nm to 505 nm
with increasing Ca®* concentration. The excitation peak, however, undergoes a blue shift from 362
nm to 335 nm, which provides an opportunity for ratiometric excitation. The quantum yield
increases from 0.23 to 0.49. The single-colour emission of fura-2 is convenient for applications
with a fluorescence microscope with a single or dual-excitation setup. Fura-2 has a low affinity for
Mg?* with K4 of 1-2 mM that allows intracellular Ca®>" imaging in various animal cells!®. The
membrane-permeable dyes were made in the same way as quin-2 AM by the addition of
acetoxymethyl groups. Because these two indicators are both bright and sensitive to Ca*", they are
still commonly used today.
1.3.2.2 Fluorescein-based Ca*" indicators

Fluorescein were used to make green indicators include fluo-1, fluo-2, fluo-3, fluo-4, fluo-
8 series, Oregon green BAPTA-1 (OGBI1), and Cal-520 (Refs. 17-19). These green fluorescent
indicators are generally more sensitive, have faster kinetics, and bind Ca®* with different affinities
that allow detection in different environments'®. For example, Cal-520 responds to Ca** faster and
provides a good signal with low SNR in subcellular regions of neurons. Fluo-8 series have variants
with high and low affinities: fluo-8H has a K4 of 232 nM and fluo-8L has a K4 of 1.8 pM.
1.3.2.3 Rhodamine-based Ca’" indicators

Red-shifted Ca** indicators provide a unique advantage as red colours penetrate deeper in
tissues and can be used simultaneously with other green indicators. Rhod2 is excited by light at
553 nm and emits light at 576 nm'”. The compound utilizes the BAPTA with incorporation of a
rhodamine structure to induce the red shift. The quantum yield is from 0.03 (Ca*" free) to 0.102
(excess of Ca®") and Kq is 0.52 uM. Later variants rhod4, rhod5N, Asante Calcium Red (ACR),

and X-Rhod-1 have a superior sensitivity to Ca**and some are more red-shifted'®. Rhod5N has a



maximum 150-fold change. ACR is excited at 537 nm and emits at 654 nm?°. The indicator is also
compatible with two-photon excitation at 780 nm.
1.3.3 Genetically encoded Ca** indicators (GECIs)

Synthetic Ca** dyes provide opportunities for the Ca?" related studies, but also display
some intrinsic shortcomings that make it undesirable in some applications. The loading procedure
may lead to artifacts in the experiment: for example, uneven distribution of the dye in the sample
tissue. Dyes cannot be targeted to specific cell types in tissue or a specific cell compartment in a
cell. These issues are well addressed by the genetically encoded Ca?* indicators (GECIs).

GEClIs, except for aequorin, share a general design that consists of a binding domain and a
reporter domain. The choices for binding domains include calmodulin (CaM)/RS20 (a.k.a. M13)
pair and troponin-C. The reporter domains are usually fluorescent proteins (FPs) or bioluminescent
proteins. Fluorescent proteins form a chromophore with three amino acids (e.g., Ser65, Tyr66, and
Gly67 in GFP) in their sequence®!. We currently have a large set of GEClIs: the variety in colour
and affinity provides enormous opportunities for applications. The mechanism for all these
biosensors involves an event, usually a conformational change of the binding domain, that causes
a signal change of the reporter domain, allowing us to monitor the Ca®>* concentration dynamics.
1.3.3.1 Bioluminescent and BRET-based Ca’" biosensors

Compared to fluorescence, bioluminescence allows better sensitivities as it requires no
excitation light, thus reducing photodamage of the tissue, photobleaching of the biosensors, and
background autofluorescence. Because of this, bioluminescent protein-based biosensors present
superior performance especially when used simultaneously with optogenetic tools. The drawback

of bioluminescence is its requirement of a luciferin, which usually needs to be added manually?2.



In cases where sensitivity is the priority, bioluminescent and bioluminescence resonance energy
transfer (BRET)-based Ca®* biosensors can be the key to the success in detection.

Found in 1962, aequorin is the first genetically encoded Ca?" biosensor?. It is a Ca?"
activatable bioluminescent protein found in Aequorea victoria. The protein is complexed with a
luminophore coelenterazine, which can be oxidized by O to coelenteramide in an aerobic
environment, emitting blue light. Aequorin has three binding sites with different binding affinities
for Ca?*, which leads to a wide range of detection from 100 nM to 100 uM?*. However, the low
signal level due to slow catalysis limits its applications.

BRET-based Ca?" biosensor couples the bioluminescent protein with a fluorescent protein,
providing a variety of colours for detection. Aequorin has been reported to couple with GFP and
mRFP?*2®, Later, brighter BRET-based Ca*" biosensors utilize a brighter bioluminescent protein
(e.g., Renilla luciferase and NanoLuc luciferase) and Ca?* binding calmodulin/RS20 in place of
aequorin to couple with a fluorescent protein®’. There are three different designs — based on split
luciferase, proximity, and single FP GECI — for the BRET based Ca?" biosensors. In the split-
luciferase design, the ligand binding will bring the split bioluminescent protein parts together to
form a function bioluminescent protein in a reversible fashion. The examples are RLuc8-based
nano-lantern and NanoLuc-based GeNL series?®%°. Compared to the low affinity of aequorin-based
biosensors (Kq~ 10 uM), these BRET biosensor using calmodulin/RS20 displayed higher affinities:
The K4 of BRAC is 1.9 uM and that of nano-lantern and GeNL variants are in the range from tens
of nM to hundreds of nM?%3%, The split-luciferase-based GECIs are intensiometric, making the
concentration of luciferin a noticeable varying factor to the response level. Ratiometric BRET
GECIs described below can address this issue. In proximity-based biosensors, Ca’* binding at the

binding domain will change its conformation, leading to a reduction of distance between the
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bioluminescent protein and the fluorescent protein and thus yielding a better BRET efficiency.
BRAC, for example, uses Renilla luciferase (RLuc8) and a yellow fluorescent protein, Venus>’.
CalfluxVTN is another example that uses troponin-C for Ca?" binding, NanoLuc for
bioluminescence, and Venus as the BRET receptor’!. Calflux VTN has a dynamic range of 7.7 and
a Kq of 1.1 uM. The BRET GECI can also use a bioluminescent protein and an existing GECI.
LUCI-GECO, as an example, uses NanoLuc as the chemiluminescent part, but ncpGCaMP6s
(ncpEGFP and calmodulin/RS20) for the BRET receptor and Ca*" binding. LUCI-GECO has a
maximum ratiometric response of 5.0 and a nM affinity (K4 = 285 nM) for cytosolic Ca*" detection.
1.3.3.2 FRET-based Ca*" biosensors

The development of fluorescent biosensors was benefited by the expansion of fluorescent
proteins, discovered from nature or engineered from natural fluorescent proteins. Till today, we
are fortunate to have fluorescent proteins that cover the colour spectrum, allowing developed
biosensors to show a diversity in colours. FRET-based Ca®" biosensors use a two-fluorescent-
protein FRET pair to report the Ca®" concentration. The emission spectrum of the FRET donor
should be well aligned with the excitation spectrum of the FRET acceptor for a reasonable FRET
efficiency.

Cameleon series were among the first genetically encoded fluorescent Ca* biosensors
developed. The binding domain of calmodulin/RS20 is inserted in between the flanking FPs,
EBFP/EGFP or ECFP/EYFP32. The cameleon with the ECFP/EYFP pair is named YC (yellow
cameleon) and is further engineered for both performance: The biphasic binding of YC2.1 to Ca**
is removed in YC3.1 by E104Q on the calmodulin domain®*. YC3.1 also demonstrated to have a
more appropriate detection range for intracellular Ca*>" detection when YC2.1 signal is saturated

due to a higher affinity in histamine stimulated HeLa cells. Noticeably, YC series were the first
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genetically encoded biosensors tested in a living organism. In 2000, Kerr and coworkers published
their work in which recombinant YC2.1 and YC3.1 was expressed in Caenorhabditis elegans and
resulted a detectable FRET signal when the pharynx muscle of the transgenic C. elegans
contracted*. The YC2.1 and YC3.1, despite being a success, were limited by the presence of
environmental binding partners to calmodulin. Further engineered YC6.1 had inserted CKKP into
calmodulin instead of fusing a R20 to the C terminus of calmodulin®’. The insertion of CKKP in a
split calmodulin leads to a shorter distance between the N and C termini in the Ca** bound form.
The resulting YC6.1 has a suitable dynamic range (Rmax = 2.50, Rmin = 1.18) and affinity (Kqa= 110
nM) for intracellular Ca>* detection. VC6.1, based on YC6.1, replaced YFP with a Venus through
directed evolution. VC6.1 is more sensitive to Ca®" change in a cellular environment.

Parallel to the first publication of cameleon series, another FRET-based Ca®" biosensor
with a similar design to cameleons, FIP-CBswm , was developed independently by Romoser and
colleagues®. Instead of using both calmodulin and RS20, it only uses RS20 between the flanking
FPs. The Ca?* bound endogenous calmodulin will bind to RS20 of the biosensor. With a BFP/ RFP
FRET pair, this indicator demonstrated a 5-fold dynamic range of Fso5 nm/Fa40 nm ratio and a K4 of
0.4 nM.

Calmodulin is not the only choice for the binding domain: troponin was another reasonable
choice that leads to the development of TN-L15, XL, and XXL3?"3°. The series adopts the design
where troponin C (TnC) is inserted in a pair of CFP and citrine. Calmodulin used in cameleons
and FIP-CBswm have many native binding partners that make their in-cell response not as substantial
as the in vitro response. TnC, on the other hand, is only native to skeletal and cardiac muscles and
has far fewer numbers of cellular molecules that may interfere with its Ca** binding. The TN series

developed demonstrated a wide range of affinities (Kq from 470 nM to 29 uM) and suitable
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dynamic ranges (e.g., ~160% for TN-L15)*’°, TN-XXL was later engineered into the Twitch
series with the full-length TnC replaced by a minimal domain of TnC*. Twitch-1 has a maximum
response of 400% and K4 of 250 nM in vitro. Directed evolution was carried out to make better
Twitch variants with varying maximum response and affinity. K¢ was increased while the
maximum response was increased during the optimization. With Kq ~ 100-200 nM, Twitch 1, 2,
3 are more suitable for a lower Ca>" environment, such as the intracellular space. Twitch 4, 5 have
a much larger K4 and maximum response, making them ideal in a higher Ca** environment. They
were tested in neurons and Twitch-3 displayed a better response in stimulated neurons in
comparison to its counterpart, YC3.6.

In general, the most effective FRET-based GECIs use a pair of cyan (CFP and mCerulean)
and yellow (YFP, cpVenus, and mCitrine) fluorescent proteins to report FRET signal changes. The
binding domains can be calmodulin or TnC-based. As important members of the GECI tool set,
they have been demonstrated to be robust and effective in dissociated neurons and animal models.
1.3.3.3 Single FP-based Ca’" biosensors

Single FP-based Ca®" biosensors are the gems of the GECIs. They are usually smaller in
size, making them easier for transfection and packaging into a virus. Compared to FRET GECls,
their narrower spectra make them ideal for multiplex imaging. With extensive engineering, they
can achieve a remarkable dynamic range (e.g., JGCaMP7c has a dynamic range over 20-fold) that
a FRET-based GECI can hardly achieve. Selected single FP-based GECI are included in Table 1.1.

1.3.3.3.1 Circular permuted and non-circular permuted FPs for biosensor design

Before introducing the single FP GEClIs, it is important to address the ways in which a
single FP can be incorporated into a reporter sensitive to the changes of the binding domain. The

circular permuted (cp) FP and non-circular permuted (ncp) FP are the two strategies commonly
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used for biosensor development. Both strategies involve splitting FPs into two parts in the primary
protein structure, usually near the chromophore and two parts folding into a complete B-barrel
shaped FP of which the chromophore is in proximity to the ligand binding domain. The binding
event changes the conformation of the binding domain, which subsequently influences the

chromophore environment, leading to a fluorescence signal change that we can monitor.
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Figure 1.3. The journey of GECI development.
The selected GECls are plotted with the time they were published. All of them utilized CaM/RS20
as the binding domains. The FPs incorporated include YFP, GFP, mApple, mRuby, FusionRed,

mlIFP, and BFP.

Circular permutation is one well-thought design to rearrange the primary sequence of the
FP such that the newly created N- and C-termini are located close to the chromophore. Baird ef al.
first described the design of cpEGFP, cpEYFP, and cpECFP in 1999 (Ref. 41). The shared primary

sequence is FP(145-238)-GGTGGS-FP(1-144). GGTGGS serves as the linker to connect the
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original N- and C-termini and the new termini are created between residue 144 and 145. All three
cpFP retain their original colours of fluorescence while increasing their pKa.. When designing a
biosensor with cpFP, connecting the binding domain to the terminus is a routine approach to ensure
maximum influence of ligand-binding induced conformational change in immediate vicinity to the
chromophore.

Non-circular permutation is also seen in many biosensor designs. The binding domain is
inserted in between the split FP. The split site, like the new termini of cpFP, is usually located
close to the chromophore on the B-barrel, allowing the binding to affect the chromophore
environment.

In both cases, optimizations on the position of the split site and linker regions, are usually
required for optimal responses. Advanced screening systems were invented and developed for such
work in bacteria, mammalian cells, or neurons. Here we summarized the collection of the single
FP GEClIs designed with cp or ncpFP designs during the last two decades in Figure 1.1.

1.3.3.3.2 Camgaroos and Pericams

Camgaroos and pericams are the first developed GECIs utilized ncpFP and cpFP,
respectively. The development of these two types of biosensors provided many strategies used in
later biosensor development. Figure 1.2 shows the schemes of cp- or ncpFP-based genetically
encoded ion indicators.

The history of single FP-based GECI started with camgaroos in 1999, in which the YFP
was split into two parts with a calmodulin inserted in between*!. The biosensor adopted the non-
circular permutated sensor design with a primary sequence described as EYFP(1-144)-GGT-
Calmodulin-EL-EYFP (146-238).The F/F, for this YFP-based GECI can be as big as 20-fold in

ionomycin treated cells.
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Figure 1.4. The schematic illustrations of cp and ncpFP-based indicators.

The (a) ncpFP-based indicators include Camgaroo, NCaMP7, NIR-GECO, ZnGreen1, ZIBG1,
ZnRed, and GINKO. The FP is split into two parts and fused to the N- and C-termini of the binding
domain. The (b) cpFP indicators include pericam, GCaMP, G-GECO, R-GECO, O-GECO,
RCaMP, K-GECO, mNG-GECO, ZnGreen2, and ZIBG2. The cpFPs were made with new N- and

C- termini.
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In 2001, pericams was developed by Nagai and his coworkers with circular permeable YFP
in which the primary sequence of YFP was rearranged in a sequence of EYFP (145-238)-
GGTGGS-EYFP (1-144)*. The tertiary structure of pericams are similar to that of camgaroos,
with a new N- and C- termini connecting to CaM and RS20, respectively, and the original termini
connected by the new linker GGSGG. Nagai et al described three pericams: flash-pericam, inverse-
pericam, and ratiometric-pericam. Flash-pericam was the developed with M13 to the N terminus
and CaM to the C terminus of cpYFP. The two linker sequences are SAG and GTG between RS20
and cpYFP and between cpYFP and CaM, respectively. Ratiometric-pericam was engineered from
flash-pericam with changes of linkers and amino acid mutations. The linker between the original
N- and C- termini was replaced to VDGGSGGTG and the linker between the cpYFP and CaM has
been shortened by one amino acid. Two mutations H148D and Y203F were also introduced. The
inverse-pericam was discovered during the engineering for ratiometric-pericam. H148T and
Y203F made it an inverse sensor, which has a higher signal in absence of Ca®*. The in vitro fold
changes are 8 times, 10 times (ratio of excitation intensities at 494 nm and 415 nm), and 7-fold,
for flash-, ratiometric-, and inverse-pericams, respectively*”. In the engineering of FP-based
biosensors, linkers play important roles and sometimes mutations on the linkers are sufficient to
inverse the signals.

1.3.3.3.3 GCaMP/G-GECO

Green-colour genetically encoded Ca®" biosensors are widely used and intensively
optimized by biosensor developers. Nakai and coworkers published the first EGFP-based GECI in
2001 around the same time of the EYFP-based GECIs*. They tried both cpEGFP and ncpEGFP
like camgaroo and pericam described above*. The green GECI with cpEGFP showed better

response to Ca** and was named GCaMP1 after some optimizations. GCaMP1 contains a cpEGFP
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with EGFP (149-238) fused to EGFP (1-144) with a linker of GGSGGT. The linker between RS20
and cpEGFP has a sequence of LE and the linker between cpEGFP and CaM has a sequence of
TR. Three amino acids MVD were also added to the N terminus of RS20. GCaMP displayed 4.5-
fold change to Ca*", a Hill coefficient of 3.3, and a K4 of 235 nM to Ca*".

GCaMP2 and its precursor GCaMP1.6 addressed the major deficiencies of GCaMP1: low
brightness and instability at 37°C. Ohkura et al. introduced two mutations on cpEGFP: V163A
and S175G, as well as a His Tag at the N terminus: these mutations greatly improved the brightness
by almost 40 times**. The resulted GCaMP1.6 also show better stability at 37°C for both purified
protein and the protein expressed in HEK cells. Ohkura and coworkers tested specificity of
GCaMP1 and GCaMP1.6 as well. Except for Mg?", all other tested divalent cations (Ni**, Mg*",
Co**, Zn*", Mn**, Cd**, Sr**, and Ba*") triggered a GCaMP1 or GCaMP1.6 response at 1 mM.
Ba?" and Sr** generated GCaMP responses similar to the level of Ca?* response, but their affinities
were much lower than that of Ca®" (Kq values of Ba?" and Sr?* were 260 and 370 uM for GCaMP1
and 80 and 460 uM for GCaMP1.6)*. Using GCaMP1.6 as the template, Tallini and coworkers
introduced D180Y and V931 by random mutagenesis and a 35-amino-acid long polyHis-RSET N
terminal sequence, leading a 6-times brighter new variant, GCaMP2 (Ref. 45). Tallini and
coworkers also expressed GCaMP2 in mice and observed GCaMP?2 activity in its spontaneous
beating and paced heart. Imaging the heart expressing GCaMP2 and loaded with Rhod2, a red Ca®*
dye, showed that GCaMP2 has about 3 times of the dynamic range of that of Rhod2 (Ref. 45).

Despite the success of GCaMP2, GECIs were still not a competitor to the small molecule-
based chemical Ca®" dyes in terms of brightness (the product of quantum yield and extinction
coefficient), photostability, and well-tuned affinities. GCaMP3 was the first of many GCaMP

series developed by GENIE project at the Janelia research campus. GCaMP3 was developed via
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both structure-guided site directed mutagenesis at sites close to the chromophore and semi-rational
library screening: the resulted GCaMP3 presented a brightness of 4 times of that of GCaMP2, a
dynamic range of 3 times of that of GCaMP2, and a reduced Hill coefficient (ng =2.1)*. GCaMP3
was able to provide a noticeable signal with one signal action potential, making it a more useful
indicator for neuroscience than previous GECIs.

In 2011, Zhao and coworkers developed G-GECO, B-GECO, GEM-GECO, and GEX-
GECO based on GCaMP3 using directed evolution and gene shuffling*’. G-GECO doubles the
dynamic range of GCaMP3 but has a lower brightness at the brighter Ca** bound state. The Hill
coefficient of G-GECO1.2 is 2.1. A blue variant, B-GECO, was developed with a GFP Y66H that
was previously used to convert EGFP into EBFP. GEM-GECO and GEX-GECO were also
identified after gene shuffling of B-GECO, G-GECO, and F-pericam1.2. They both respond to
Ca*" with ratiometric changes: GEM-GECOI present a 110-fold change of emission ratio (I4ss nm
to Is11nm); GEX-GECOL presents a 26-fold change of excitation ratio (1482 nm to I390 nm). The large
ratiometric changes allow these two GECOs to be sensitive to Ca>" with dual channel imaging.

To generate GCaMP5 variants, site directed mutagenesis and library screening were
performed at the RS20/cpGFP linker, cpGFP/CaM linker, at the interface of CaM and cpEGFP on
the crystal structure, on RS20, and near the third Ca*" binding site of CaM*. Compared to
GCaMP3, GCaMPS5 increased the dynamic range to 17, 18, and 31 for GCaMP5A, 5D, and 5G,
respectively. Although the only GCaMP5G has a dynamic range that outperform that of
G-GECOL1.2, the baseline fluorescence of GCaMPS5 variants is brighter, which is important in
cases with low biosensor expression. The Hill coefficients are 2.7, 2.5, and 2.5 for GCaMP5A, 5D,

and 5G, respectively.
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Prior to GCaMP6, all GCaMPs or GECOs were screened in E. coli system. As a well-
established and robust organism for molecular biology, E. coli allow easy transformation and
efficient protein expression. Working with E. coli is a convenient and cost-effective in comparison
to alternative biological systems, making E. coli the top choice for screening for a long time. The
effectiveness of E. coli system was demonstrated by the drastic improvement of GCaMPs and
GECOs over time. The first GCaMP only had a Ca**- bound brightness of 0.07 (Ref. 44) and that
of GCaMP5G was 33 (Ref. 48), comparable with the brightness of EGFP. The dynamic range
(Fmax/Fmin) was improved from 4.5 (GCaMP1) to 33 (GCaMP5G), but the test in mammalian
system, such as HEK cells, exhibited a much smaller dynamic range (5.5 for GCaMP5G)*. The
noticeable performance discrepancy in bacteria and mammalian cells led to screening in a
mammalian system. Because prevalent usage of GECI in neuroscience, dissociated neurons
became an ideal system for screening.

GCaMP6 variants were screened in rat hippocampal neurons. Mutagenesis was performed
at the interface of cpGFP and CaM for better sensitivity and the interface of CaM and RS20 for
affinity tuning*’. Neurons were transfected with the mutants and nuclear mCherry control and
subject to screening. This method led to remarkable GCaMP6 variants that substantially
outperform previous GECIs in neurons where fast and sensitive detection is required. GCaMP6s
is the most sensitive variant: the dynamic range of GCaMP6s is 63.2 with purified protein from E.
coli and a fluorescence increase of 23%.was observed with one action potential in neurons®. In
comparison, one action potential can only lead to a 3.6% increase for GCaMP5K*8. The substantial
improvement of GCaMP6 made it a useful and popular tool in the neuroscience community.

To optimize GCaMP6 further for different applications, jGCaMP7 was developed by Dana

and coworkers and published in 2019 with variants that exhibit optimized sensitivity, kinetics,
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Ca?" affinity, or brightness>’. In the work, jGCaMP7s (sensitive) and jGCaMP7f (fast) have
improved sensitivity and kinetics for single action potential imaging: jGCaMP7s provides the
biggest response to one action potential with a 65.6% increase in fluorescence; jGCaMP7f
responses to 10 actions potentials with a half-rise time of 75 ms and half-decay time of 520 ms,
comparable to those of GCaMP6f (a half-rise time of 80 ms and half-decay time of 335 ms)*-°.
JGCaMP7b (bright) is a good choice for cells with lower protein expression level as it has a 40.6%
increase in response to one action potential and 50% increase in resting fluorescence compared to
GCaMP6s. jGCaMPc (contrast) displays the biggest dynamic range of 145 and the lowest
brightness in absence of Ca®" with purified protein characterization, making it an ideal choice for
experiments with more scattering.

1.3.3.3.4 mNeonGreen-based GECI

The improvement on GCaMPs and G-GECOs is largely limited by the brightness of EGFP.
mNeonGreen is the brightest monomeric green fluorescent protein so far, which is 2.8 times as
bright as EGFP>!. Zarowny et. al. and Subach et. al. independently developed mNeonGreen-based
GECI named mNG-GECO1 and NCaMP7, respectively. mNG-GECO1 used an unpublished ncp
REX-GECO scaffold and replaced the EGFP with mNeonGreen>2. The Ca** bound state brightness
of mNG-GECOL1 is 59% higher than that of GCaMP6s. Its dynamic range of 45, comparable to
that of GCaMP6. The sensitivity of mNG-GECOI1 is only about half of that of GCaMP6s in
neurons. NCaMP7 used GCaMP6s as a template, hence, adopted its cp design®*. The brightness of
NCaMP7 is 70% higher than that of GCaMP6s and the dynamic range of NCaMP7 is 89. NCaMP7
is sensitive to Mg?" and the dynamic range is reduced to 27 with 1 mM Mg?" in the solution. The
sensitivity of NCaMP7 is comparable to that of GCaMP6s in neurons, but with a slower kinetics.

Neither mNG-GECO or NCaMP7 surpassed GCaMP6s as a tool in neuron imaging. Yet, we shall
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keep in mind that the sensitive GCaMP6s and GCaMP7s were obtained after almost two decades
of work on the GFP-based GECI, while optimizations of the mNeonGreen-based GECI started
recently.

1.3.3.3.5 Red, far-red, and near-infrared GECI

The depth of imaging is one of the concerns with the green and blue coloured indicators.
As biological samples absorb and scatter incoming light (characterized by the absorption
coefficient p. and the scattering coefficient s’), the percentage of photons decreases with
increasing sample depth. p. and s’ are wavelength dependent: absorption and scattering are more
severe with photons of shorter wavelength®*. In the brain tissue, p, generally decreases as the
wavelength of the incoming light increases (0.01-3.51 for 420 nm light, 0.02—-3.84 for 532 nm
light, 0.02—0.05 for 630 nm light, 0.11-0.17 for 760 nm light, and 0.078—0.089 for 780 nm light)>.
us’ decreases with increasing wavelength of the incoming light (18.75-55.83 for 420 nm light,
0.10-46.3 for 532 nm light, 3.72-21.97 for 630 nm light, 4.0-10.5 for 760 nm light, and 8.42-9.16
for 780 nm light). Thus, the red-shifted GECIs are more suitable for deeper sample imaging.
Another advantage of red shifted GECI is its compatibility with channelrhodopsin-based
optogenetics tools, which are usually activated by blue light.

R-GECO was developed by replacing cpEGFP with cpmApple in G-GECO*'. After a few
rounds of directed evolution, R-GECO1 was able to present a 16-fold Ca®" response. The
brightness of R-GECO1 is 10.2 at its brighter Ca®* bound state. Further engineering of R-GECO1
led to different variants: R-GECO1.2, O-GECO1, REX-GECO1, and CAR-GECOI1 (Refs. 56,57).
R-GECO1.2 is twice as sensitive as R-GECO1 but has a higher Kq at 1200 nM. O-GECOI1 was
created by site directed mutagenesis on sites previously used to generate mOrange from DsRed

followed by directed evolution®. The resulted O-GECOI1 is blue-shifted with an excitation
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wavelength at 543 nm (Ca** bound)/545 nm (Ca?" unbound) and an emission wavelength at 564
nm (Ca?* bound)/570 nm (Ca*" unbound). Its dynamic range is 146 in vitro and 41 in HeLa cells
treated with histamine followed by ionomycin/Ca*" and ionomycin/EGTA. The remarkable
sensitivity of O-GECOI is accompanied by a large Kq of 1500 nM. Directed evolution on R-
GECOI1 for red-shifted variant led to CAR-GECO1 with excitation and emission wavelengths at
560 and 609 nm, respectively. CAR-GECO1 has a dynamic range of 27 and a K4 of 490 nM in
vitro. REX-GECOI is a long Stokes shift red indicator with ratiometric excitation developed
through E. coli screening with two excitation filters: 438/24 nm and 542/27 nm>’. The resulted
REX-GECOI has a blue shifted excitation: the one-photon excitation is at 480 nm and the two-
photon excitation is at 960 nm. Because tissues are most transparent to light in the range of 700 to
1000 nm, REX-GECO1 is more advantageous than other red GECIs, which usually requires
excitation at an excitation wavelength over 1000 nm for two-photon imaging. REX-GECOI has a
100-fold ratiometric change in vitro and a Kq of 240 nM. Although effective, these mApple-based
GEClIs all suffers with photobleaching, as well as photoactivation by blue light, which complicates
co-imaging with channelrhodopsin-based optogenetic tools.

To make an alternative red GECI addressing the issues of R-GECO1, Akerboom and
coworkers used mRuby to make the GCaMP3-based RCaMP8. RCaMP1f and RCaMP1h are
sensitive to Ca*" in vitro with a dynamic range of 12.3 and 10.5. The dynamic ranges in HEK cells
are smaller at 1.8 and 2.0, which is smaller than that of R-GECOI1 at 2.5. RCaMP1f and 1h also
present a larger K¢ at 1900 and 1300 nM. On the hand, With a brightness of 28 and 33, RCaMP1f
and 1h are much brighter than R-GECO1.They are also brighter with two-photon excitation at
1070 nm: RCaMP1f and 1h has a peak brightness of 9.2 mMcmand 8.1 mMcm™, while that

of R-GECO1 is 3.8 mMem™!. Akerboom and coworkers also demonstrated that RCaMP1 can be
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used with ChR2, suggesting RCaMP1 variants are more suitable for multi-colour imaging with
optogenetic tools.

Inoue and coworkers replaced RS20 with CaM-dependent kinase kinase peptide ckkap to
address the low affinity of RCaMP1 (Ref. 59). The resulted RCaMP2 reduced the K4 from a uM
level to 69 nM. RCaMP2 respond to Ca** fast enough for one action potential detection in neurons
with a rise half time of 0.06, a decay half time of 0.15s and an amplitude increase of 60%. Despite
its good performance in neurons, RCaMP2 presents worse brightness and dynamic range than
RCaMP1 in vitro, suggesting that a suitable affinity and kinetics may be more important for
neuronal imaging.

Dana and coworkers optimized the RCaMP1h and R-GECOs for neuronal imaging as
well®. Instead of replacing RS20 with CaMKK-o, they focused on mutagenesis on the residues on
the interface between the RFP (mRuby or mApple) and CaM, between CaM and RS20-, and in
CaM. The variants were screened in dissociated neurons. JRGECO1a generated from R-GECO1
is the most sensitive one with a dynamic range of 11.6 in vitro. Its performance in neuron is
comparable to that GCaMP6f, most likely due to its smaller K4 at 148 nM. However, JRGECO1la
inherited the photoswitchable property of DsRed derived mApple, disabling dual imaging with
blue light activated optogenetic tools. jJRCaMP1la and 1b are much improved with smaller Ky at
214 nM and 712 nM compared to 1.3 uM for that of RCaMP1 (Ref. 58). JRCaMP1b respond to
one action potential with a larger signal than jRCaMP1a. Although neither is more sensitive than
JRGECOla, they are both 2-fold brighter than jJRGECOla and allow simultaneous photo-
stimulation of ChR2 and imaging of jJRCaMP1a/b.

To bypass the obvious flaws of R-GECOs and RCaMPs, Shen and coworkers used the low

cytotoxic variant of mKate2, FusionRed, to build a new red GECI called K-GECO®'. K-GECO
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was built with cpFusionRed circular permuted at Ser143 and ckkap in place of RS20 as previously
used for RCaMP2 (Ref. 59). Linker optimization and directed evolution lead to K-GECO1, which
addressed both the brightness and affinity issues from R-GECOs and RCaMPs, respectively. K-
GECO1 has a Kq to Ca®" at 165 nM and a brightness of 27 (Ref. 61). In neurons, K-GECO1
responds with action potentials with better AF/F than most red GEClIs except JRGECO]a. It also
displays a reasonable signal-to-noise ratio and kinetics. K-GECO1 has negligible blue-light
photoactivation as well. Unfortunately, K-GECO1 shows much lower expression than JRGECO1a
and jJRCaMPs in vivo, suggesting more screening in dissociated neurons is required.

The red shift of GECI is limited by the B-barrel FPs (B-FPs) because they do not cover the
near infrared region of the spectrum. Another class FPs, biliverdin (BV)-binding FPs (BV-FPs)
provide far-red to near infrared (NIR) fluorescence needed for red shifted GECIL. NIR-GECO1 was
the first NIR GECI developed with mIFP, a BV-FP. The design of NIR-GECO contains a split
mlIFP sandwiching CaM and RS20 (Ref. 62). The authors, Qian and coworkers, created a dual
expression vector pcDuEx to express NIR-GECO in both E. coli and mammalian cells for
screening in both systems. The resulted NIR-GECO1 performs well in vitro with an 8-fold inverse
change and a K4 of 885 nM. The brightness of NIR-GECOL is 0.06 at the Ca** unbound state and
0.02 at the Ca®" bound state. The low brightness is due to the low quantum yield inherited from
mlIFP, which is only 0.1. The brightness of this BV-FP-based GECI is further limited by the
amount of available BV in the tissue as BV unbound NIR-GECOI is not fluorescent. Testing in
the sensorimotor cortex of mice with paw stimuli revealed a response of only 0.3% for NIR-
GECOI1 whereas the same condition could lead to 10-fold greater fluorescence changes for

GCaMPé6s.
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Further engineering on NIR-GECO1 leads to NIR-GECO2 and NIR-GECO2G®*. The most
pronounced improvement is the stronger affinity to Ca*>" with K4 values of 331 nM (NIR-GECO2)
and 480 nM (NIR-GECO2G), in comparison to Kq¢ of 885 nM for NIR-GECOI1; while the
sensitivity and brightness of the new variants remain similar to NIR-GECO1. The stronger affinity
alone is sufficient for a substantially increased -AF/F (16%, 17%, and 4.5% for NIR-GECO2, NIR-
GECO2G, and NIR-GECO1). The Ca** response levels of NIR-GECO2 and NIR-GECO2G are
comparable to those of GCaMP6f (19%) and jJRCaMP1la (15%). However, NIR-GECO2 and 2G
show slow kinetics (3.0 s for NIR-GECO2 and 3.7 s”! for NIR-GECO2G) and low brightness (4.0
mM-'em™! for NIR-GECO2 and 4.5 mM'cm! for NIR-GECO2G). A better variant can be achieved
in the future with more engineering of NIR-GECO or using a brighter and more photostable BV-

FP for a new NIR GECI.

1.4 Zn?" ion indicators

1.4.1 The roles of Zn?** in cell physiology

Zinc (Zn*") is an essential trace metal element in biology. Although not involved in redox
reactions, Zn** is incorporated in over 300 enzymes that play important biological functions
including regulation of small, taste, and appetite; synthesis of DNA and RNA; hormonal regulation;
immune functions; and antioxidation®. Zn*" is transported mainly by albumin in the blood and is
maintained at a concentration of 1-10 uM in human serum or plasma®. The concentration of Zn**
in cells are higher at a few hundreds of micromolar, but most Zn" are tightly bound, leaving free
Zn?" in the picomolar level. Free Zn?* distribute in cell heterogeneously: 1 pM in the endoplasmic
reticulum and the Golgi apparatus, 0.1 pM in the mitochondrial matrix, 180 pM in the cytosol, and
200 pM in the nucleus'?. Zn>" dynamics are important: Zn>" secretion, for example, is associated
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with insulin secretion of human pancreatic B-cells®®. Zn?" is suggested to a play important role in
brain for its Ca’"dependant release from synaptic vesicles®®. Small molecule-based and genetically
encoded Zn?" indicators are developed to quantitively measure the concentration and dynamics of
Zn*" in biological samples.
1.4.2 Small molecule-based Zn’* indicators

Like Small molecule-based Ca®* indicators, small molecule-based Zn** indicators are also
consisted of a Zn?>" chelator and a fluorophore. Common fluorophores include quinoline,
fluorescein, 4-aminoapthalimide, and BODIPY!2. The small molecule-based Zn>" has been
comprehensively reviewed previously by Carter and coworkers'?,
1.4.2.1 BAPTA-based Zn’" indicators

As Zn?" and Ca*" are both divalent cations, existing Ca®" indicators provided a template
for making excellent Zn?* indicators. By removing one or more chelating moieties on the BAPTA-
based Ca** indicators, Gee and coworkers created indicators that have lower affinity for Ca** and
much higher affinity for Zn** (Ref. 67). These indicators include FluoZins, IndoZin, FuraZin,
RhodZin, X-RhodZin, and NewPort Green PDX. Among these indicators, FuraZin and IndoZin
are ratiometric indicators similar to their templates Fura-2, and Indo-1. FuraZin shows ratiometric
excitation at 378 nm and 330 nm; IndoZin shows ratiometric emission at 480 nm and 390 nm.
FluoZin-1 and FluoZin-3 are extremely sensitive to Zn>" with a dynamic range of 200. RhodZin
and X-RhodZin also have big dynamic ranges of 150 and 100, respectively. FluoZin-3 and
NewPort Green PDX are most specific to Zn*" with no response to Ca?*. Because Ca®" indicators
are optimal with K4 in the nanomolar to micromolar range, the affinities of these BAPTA based
Zn>" indicators usually fall into the same range, which are not ideal for physiological Zn**

detection. NewPort Green PDX, for example, has a Kq of 40 uM, which is too high for Zn**
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detection. FluoZin-3 has the highest affinity to Zn>" with a K4 of 15 nM and FluoZin-3-AM is the

most sensitive dye for intracellular Zn** with a AF/F of 50.

FuraZin IndoZin FluoZin-3

Figure 1.5. Molecular structures of selected small molecule-based Zn?* indicators.

1.4.2.2 Fluorescein-based Zn*" indicator

The green fluorescence dye fluorescein has been used for building the Zinpyr (ZP), ZnAF,
Zinspy (ZS), and QZ families of Zn** indicators. ZP indicators contain a di-2-picolylamine (DPA)
Zn*" chelator and a fluorescein moiety. ZP1 is cell permeable and has no measurable response to
Ca®" or Mg?* (Ref. 68). It binds Zn**with a brightness of 68 M-'em™!, a dynamic range of 3.1, and
Ka of 700 pM. Further improvement led to ZP3 with a brightness of 78 M-lem™ at Zn**-bound
state, a dynamic range of 6, and a K4 of 700 pM®. Instead of a symmetrical fluorescein platform
with two DPA groups in ZP1-3, ZP4 employed an asymmetrical fluorescein platform with a Zn**
chelator of one DPA and an additional aniline group’®. ZP4 exhibits a dynamic range of 5 and K4

of 650 pM; however, this probe does not enter cells efficiently like previous ZP indicators. Better
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ZP variants were created with modification on the electron-withdrawing groups on either the
fluorophore or the chelator. ZP8, for example, has a dynamic range of 11 and K4 of 600 pM’!. ZP9
and 10 adopted a pyrrole group or a N-methypyrrole group in the asymmetrical Zn?>* chelator,
which lowered the affinity substantially (K4 of ZP9 is 690 nM and that of ZP10 is 1.9 uM)’2.

ZnAF probes were developed with the DPA moiety attached to different positions on the
benzoic acid of fluorescein. ZnAF probes show lower background fluorescence than ZP probes.
Among this family, ZnAF-2, ZnAF-1F, and ZnAF-2F exhibit high dynamic ranges of 51, 69, and
60 (Refs. 73,74).

With a pyridine-amine-thioether as the Zn** chelator, ZS indicators address the specificity
issue present in ZP indicators: ZP indicators also bind to Fe** and Cu". The thioether was replaced
by thiophene to lower the background fluorescence and improve the dynamic range. ZSF7 has a
low background brightness of 1.7 Mlem!, a dynamic range of 42, and a Kq of 33 pM.

QZ family uses 8-aminoquinoline to bind Zn?". They show remarkably big dynamic ranges:
150 for QZ1 and 120 for QZ2. With an affinity of micromolar range, they were only suitable for
detection of a large concentration of Zn>*.
1.4.2.3 Other fluorophore-based indicators

Fluorophores such as boron dipyrromethene (BODIPY) and rhodamine provide different
advantages to Zn”>' indicators. BDA”®, a BODIPY-based indicator, has a pK, of 2.1 because
BODIPY is much less sensitive to pH than fluorescein. BDA probe is a sensitive green Zn**
indicator with a dynamic range of 10.5 and a K4 of 1 nM. These properties make BDA a good
indicator in cases where pH fluctuates. Rhodamine is a photostable red fluorescent fluorophore
that has been incorporated into indicators ZRL1 (Ref. 76), SiR-Zn"’, and ZIGIR"®. The excitation

and emission maxima of ZRL1 are at 569 nm and 595 nm, respectively. SiR-Zn incorporated a Si
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atom in the chromophore and are more red-shifted than other rhodamine-based indicators with the
excitation and emission maxima at 650 nm and 665 nm, respectively. The indicator is useful in
intracellular Zn*" detection with a nanomolar affinity and a dynamic range of 15. ZIGIR is a red
Zn*" indicator that is a sensitive (a dynamic range >100), cell-permeable, and granule-specific.
1.4.3 Genetically encoded Zn’* biosensors

As previously described, most intracellular Zn?" is bound to proteins or nucleic acids. The
abundance of Zn?" binding proteins allows us find suitable candidates for making genetically
encoded zinc indicators (GEZIs). They include the CXXC-motif-containing metal binding
domains Atox1/WD4 for CALWY family, yeast transcription factor Zapl for Zap family, and
yeast transcription factor Zif268 for Zif family.

Most of Zn*" biosensors are FRET based. ZifCY2 with ECFP and mCitrine shows a
dynamic range of 4.0 but is limited by a millimolar affinity”®. Atox1/WD4 Zn>" binding pair
provides a stronger affinity: eCALWYs with Cerulean and Citrine exhibit affinities range from
nanomolar to picomolar®. Zap indicators also exhibit strong Zn*" affinity: ZapCY1 with ECFP
and mCitrine shows a 3-fold fluorescence increase upon Zn*>* binding with a K4 of 2.5 pM;
ZapCY?2 shows a larger Kq of 810 pM and a smaller dynamic range of 1.5 (Ref. 81). There are
different colour combinations for the FRET pairs: CFP/YFP pair, GFP/RFP pair, and OFP/RFP
pair. In comparison to CFP/YFP pairs, other colour variants of Zap indicator show limited
dynamics ranges upon Zn*" binding: 1.1 for ZapSM2 with tSapphire and mKO, 1.2 for ZapSR2
with tSapphire and tagRFP, 1.1 for ZapOC2 with mOrange2 and mCherry, 1.1 for ZapOK2 with
mOrange? and mKate, and 1.5 for ZapCmR1.1 with Clover and mRuby?2 (Ref. 82).

ZinCh and eZinCh indicators use a different approach. ZinCh-1 consisted of a Cerulean

and Citrine pair with double mutations of Y39H and S208C on both Cerulean and Citrine®’. The
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histidine and cysteine form a Zn?" binding pocket, leading to two binding sites on the FRET pair.
After optimization with the sites for cysteine and histidine, eZinCh-2 was identified with 4-fold
dynamic range and a K4 of 1 nM®*. It contains a cysteine on position 208 and a histidine on position
206. Although it also binds Pb and Cd, eZinCh-2 is a useful intracellular GEZI that works in the
cytosol, the ER, the mitochondria, and the vesicles.

Chen and coworkers developed single FP base GEZI with multiple designs®>%>. The
designs utilize either Zap1 or a zinc hook as the binding domain. Pyrococcus furiosus Rad50 zinc
hook peptide undergoes homodimerization upon Zn?" binding. The single FPs utilized include GFP,
mApple, and mTFP in either cp or ncp form. ZnGreenl is a GEZI consisted of a ncp-mTFP and
Zap1 (Ref. 85). It shows superior performance than previous FRET-based GEZIs with a dynamic
range as large as 26.3 and a K4 of 633 pM. ZnGreen2 with cpmTFP and two zinc hooks displays
a Kq of 20 pM and a dynamic range of 8.7 (Ref. 85). ZnGreenl and ZnGreen2 are both inverse
indicators with a poor photostability possibly due to mTFP. To address this issue, Chen and
coworkers replaced cpmTFP and ncp-mTFP with cpEGFP and ncp-GFP to create ZIGB2 and
ZiGBl1, respectively®. ZIGB1 and ZIGB2 both give positive response to Zn>" binding. ZIGB1 has
a dynamic range of 2.5 and a Kq of 2.81 uM; ZIGB2 has a dynamic range of 7 and K4 of 282 pM.
A red GEZI was also created with mApple and Zapl with a dynamic range of 3.8 and two Kq
values of 166 pM and 20 uM according to the biphasic titration curve.

GZnPs are an alternative single FP-based GEZI series®**®. GZnPs incorporate two Zn**
fingers of ZAP1 fused to the ends of cpGFP. The two Zn?* fingers undergo conformational change
upon Zn** binding. GZnP1 has a dynamic range (Fumu/Fumin)of 2.2 and a K, of 34 pM . Engineering
efforts on GZnP1 led to GZnP3 with weaker affinity (K4 =1.3 nM) and a larger dynamic range of

11. The reduced affinity is more appropriate for Zn*" released from granules.
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1.5 K" indicators

1.5.1 The roles of K* in cell physiology

Potassium (K") is most abundant ion in the intracellular space. Despite its role as an
electrolyte for body fluid balance, K™ also plays a pivotal role in excitable cells such as the ones
in the heart and the nervous system®’. At the resting state, it is sequestered into cells by Na*/K*
pump and other transporter actively to maintain a sharp concentration gradient with the
intracellular K™ concentration around 150 mM and the extracellular K™ concentration around 5
mM. When cells are excited, K" effluxes through a variety of voltage-gated K channels to
repolarize cells after depolarization. The dynamic of K* fluxes, similar to that of Ca?", is indicative
of neuronal and cardiac signal propagation and therefore is a valuable target for imaging in live
cells.
1.5.2 Small molecule-based K" indicator

Potassium binding benzofuran isophthalate (PBF]I) is the earliest small molecule-based K*
indicator®. It is excited by UV light at 350 nm and 344 nm at K* unbound and bound forms,
respectively. The indicator binds to Na* with a K4 of 21 mM and to K* with a K4 of 8 mM. Although
the indicator is more selective to K, better selectivity is required to avoid signal contributed by
Na*, which has an intracellular concentration of 10-40 mM°°. The low quantum yield of 0.024 and
0.072 at K" unbound and bound forms, respectively, led to low brightness. Later, Asante Potassium
Green (APQ) series show some attractive properties. APG-1 is more red-shifted than PBFI: it
excites at 515 nm and emits at 540 nm°®!'. APG-1 responds to K* with a maximum four-fold change.
APG indicators have been applied in permeabilized Jurkat and U937 cells to visualize changes in
intracellular K* concentration®’. Recently, Ratiometric Potassium Sensor-1 (RPS-1).was

developed by the Chang lab®. The dual-fluorophore dye contains a K*-responsive fluorophore —
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Potassium Sensor 525 (PS525) — and a non-responsive Coumarin 343 for internal calibration.
The dye displays a maximum fluorescence change of 7-fold and an apparent K¢ of 137 mM for

intracellular K" imaging.

PBFI Potassium Green 2

Figure 1.6. Molecular structures of selected small molecule-based K* (PBFI and Potassium

Green 2) and Na* (SBFI and ANG-2) indicators.

1.5.3 Genetically encoded K* indicators

With the newly identified K* binding protein Kbp, Bischof et al. and Shen ef al. both
developed a FRET-based K* indicators named Genetically encoded potassium ion indicator
(GEPII) and K" ion ratiometric indicator (KIRIN), respectively®*!?>. The two biosensors show
comparable dynamic ranges and affinity: the mCerulean3-cpVenus-based KIRIN has a dynamic
range of 1.5 and a K4 of 1.66; and the mseCFP-cpVenus-based GEPII has a dynamic range of 2.2

and a Kq of 0.42. Both FRET biosensors exhibit outstanding selectivity by not responding to Na*
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at all. Shen and coworkers also developed and characterized a green/red FRET K* biosensor
KIRIN-GR with Clover and mRuby2'. KIRIN-GR shows a small dynamic range of 0.2 and a K4
of 2.56 mM. In addition to the FRET biosensors, Shen ef al. also described a green indicator for
K" optical imaging (GINKO1) that adopts a ncpEGFP as the fluorescent reporter. GINKOI
exhibits a dynamic range of 1.5 mostly contributed by the change in extinction coefficient.
GINKOI1 has a K4 of 0.42 mM for K" and a K4 of 153 mM for K'. Although GINKO1 was
responsive to Na', the discrimination for K™ was big enough to avoid bias for measurements in
biological samples. The work of KIRIN1, GINKOI, and further engineered variants will be
described in detail in this thesis.

Genetically encoded K" indicators may be more suitable for experiments in complex
environments such as tissues. They show superior selectivity than the small molecule-based
synthetic dyes and they can also be targeted to subcellular organelles or to a specific cell type.
However, the genetically encoded K* indicators currently face the challenges for membrane
display. This prevents the applications of these indicators on the membrane for detection of
transient extracellular K™ changes during repolarization of neurons and abnormal level of

extracellular K™ concentration associated with many neurological conditions.

1.6 Mg?" indicators

1.6.1 The roles of Mg** in cell physiology

Mg?* is an essential metal ion that plays many pivotal roles in cellular processes and
functions. Mg?* serves as an important cofactor for almost every enzyme that needs ATP for
catalysis; stabilizes nucleic acids for DNA and RNA synthesis and repair; and regulates

mitochondrial Ca** transport and voltage gated Ca®" and K* channels”.
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Most Mg?" are bound intracellularly: the intracellular concentration of total Mg?" is 17-20
mM and that of free Mg?* is 0.25-1.5 mM°7%8. Cells maintain a steady-state Mg?" concentration
through transporters such as Mrs2p, which transports Mg?" into mitochondria for Mg?*
sequestration”.

1.6.2 Small molecule-based Mg** indicators

Mag-fura-2 Mag-indo-1

O O/YO'

(o]
_O)K,N o

KMG-104-AsH

Figure 1.7. Molecular structures of selected small molecule-based Mg?* indicators.

Many small molecule-based Ca" indicators also display an affinity to Mg?*, therefore, they
were made into Mg®" indicators with the binding group o-aminophenol-N,N,O-triacetic acid
(APTRA). Such examples include Mag-fura-2, Mag-indo-1, and Magnesium Green'? %2, Mag-
fura-2 is excited at 369 nm and Mag-indo-1 is excited at 349 nm'®. The UV excitation photo-
damages the tissue, which led to development of Mg?* indicators excited at longer-wavelength
light. The green indicators Magnesium Green and Mag-fluo-4 are excited at 506 nm and 490 nm,

respectively'>!%, The above indicators all have a millimolar affinity to Mg** and a micromolar
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affinity to Ca®". The lack of Mg?" selectivity over Ca?" was addressed by FMg1 and FMg2, which
measure Ca>" and Mg?* simultaneously with two-photon imaging!'%*.

Other binding motifs were sought to address the lack of Mg?" selectivity over Ca*" by
APTRA. One of the motifs is the charged B-diketone. This binding motif'is used in the KMG series,
most of which have similar Kq values for Mg?* and Ca?". KMG-104-AsH exhibits an outstanding
selectivity with Kq values of 1.7 mM for Mg?" and 100 mM for Ca?* (Ref. 105). KMG-104-AsH
is pH stable in the range of pH 5-6.5 and photostable for 10-min illumination. /n situ experiments
showed that KMG-104-AsH is membrane. The affinity, selectivity, stability, and membrane
permeability of KMG-104-AsH all suggest it to be a more suitable for Zn** imaging than APTRA-
based indicators.

1.6.3 Genetically encoded Mg** indicators

The main challenge for developing genetically encoded Mg?" indicators is finding a
suitable binding protein, because most Mg*" binding proteins also bind Ca** with a much higher
affinity. The first genetically encoded Mg*" indicators MagFRET series incorporate a binding
protein, the human centrin HsCen3, flanked by Cerulean and Citrine'®. HsCen3 contains two
binding sites that bind both Mg®" and Ca®". MagFRET indicators all show a higher affinity for
Ca”" at the first ion binding. Some variants show much less dynamic range for the first ion binding:
MagFRETI has a dynamic range of 0.49 for Mg?* and 0.19 for Ca*"; MagFRET?2 has a dynamic
range of 0.33 for Mg?* and 0.031 for Ca**. MagFRET1,2,7, and 8 show a K in the physiological
range of Mg?".

MagIC is another ratiometric Mg?" indicator incorporating a mCherry and a Mg*"/Ca?*
sensitive cpVenus?’. K4 values of MagIC are 5.1 mM for Mg?* and 4.8 mM for Ca*". Its affinity

for Mg*" is too low for intracellular Mg?". The indicator has an in vitro dynamic range of 0.5 for
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Mg?*, which is similar to that for Ca*. Just like MagFRETs, the sensitivity of MagIC to Ca*" is
the major barrier for the genetically encoded Mg?" indicators to be more widely applied.
MARIO] is another FRET-based Mg?" indicator incorporating a modified cytosolic Mg?'-
sensing domain of the E. coli Mg*" transporter CorA (CorA-CD)!?’. Mariol binds Ca*" (K4 =
6.2 mM) and Mg>" (Kq = 7.2 mM) with similar affinities. The dynamic range Rmax/Rmin for Mg?*

binding is 2.53.

1.7 Na" indicators

1.7.1 The role of Na* in cell physiology

As one of the most abundant ions in biology, Na" plays many important functions. It
regulates osmotic pressure and fluid balance with kidney regulating its blood concentration'®®. Na*
also play roles in the immune system by enhancing immune responses for pathogen clearance and
affecting the differentiation and functions of immune cells'®. In the nervous system, Na* influxes
during depolarization phase of action potentials for signal propagation'!°.

As a key to some of its functions, Na" concentration is around 10 mM intracellularly and
over 100 mM extracellularly'!!. The large gradient across the membrane is maintained by Na*/K*
pump, which provides energy for the translocation of Ca*>" and other neurotransmitters and allows
rapid Na" influxes in neurons during an action potential. A fluorescent Na” probe allows real-time
imaging of action potentials. There are several small molecule-based Na" indicators developed,
but none for genetically encoded indicators so far due to the lack of appropriate Na™ binding protein.
1.7.2 Small molecule-based Na* indicators

Sodium binding benzofuran isophthalate (SBFI) is developed at the same time as PBFI

with a good selectivity to Na'. SBFI has a Kq of 7.4 for Na" and a Kq of 166 mM for K* (Ref. 90).

The indicator provides a dynamic range of 2-fold. The loading of SBFI takes 40 min to 4 hours. A
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drawback of SBFI is its low brightness due to its low quantum yield of 0.045 and 0.083 at Na"
unbound and bound states, respectively. Sodium Green provides an alternative to SBFI with visible
light excitation, shorter loading time (30 min), and brighter fluorescence in flow cytometry'!.
CoroNa Green and Asante NaTRIUM Green 2 (ANG-2) are two other green fluorescent dyes.
CoroNa Green is excited at 492 nm and emits photons at 516 nm; ANG-2 is slightly red-shifted
with excitation and emission maxima at 517 nm and 542 nm, respectively!'>"'">. The dynamic

range of CoroNa Green is 4 and that of ANG-2 is 20 (Ref. 114).

1.8 pH (H") indicators
1.8.1 Importance of pH in cell physiology

Proton (H") concentration is measured as pH (-log[H']) for convenience. The pH values
vary in different cellular compartments: 7.0—7.4 for cytoplasm, 7.2 for ER, 6.4 for Golgi, 5.0 for
lysosomes, 5.4 for secretory granule, 6.2 for early endosomes, and 5.3 for late endosomes'!'®. The
pH values of organelles are maintained mainly by vacuolar H™-ATPase (V-ATPase), which
actively pumps H' against its concentration gradient with the energy from ATP!'”. The pH
environment is important for the functions of the organelles. For example, the lysosomal low pH
is important for the optimal functions of many enzymes in the lysosomes such as lysozyme. In
other cases, proton gradient across organelle membrane or plasma membrane is used to provide
energy to translocate other molecules, such as neurotransmitters accumulated into synaptic
vesicles'!®. In cellular power house mitochondria, proton gradient is the source of energy for ATP
synthesis'!®. The ability to measure pH in subcellular compartments of live cells becomes critical

to investigate pH-related processes, especially the related channels and transporters.
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1.8.2 Small molecule-based pH indicators

Tsien lab developed 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein (BCECF), the first
fluorescent small molecule-based indicator for pH measurement'?’. BCECF has a pK, at 6.98, ideal
for intracellular pH measurement. The dye shows two peaks in the excitation spectrum: 505 nm
and ~470 nm. The emission intensity exhibits a three-fold increase from pH 6.4 to pH 7.5. The
isosbestic excitation wavelength of BCECF is at 440 nm, where the excitation leads to the pH-
independent emission. Seminaphtharhodafluor (SNARF) is an alternative pH indicator with dual
excitation and dual emission. SNARF-1, for example, has two excitation peaks in acidic
environment at 515 nm and 544 nm; the excitation peak in basic environment is much red shifted
at 573 nm!'?!. The emission peak also shifts from 583 nm to 631 nm as pH increases. Carboxy
SNARF-1 (C.SNARF-1) retains the spectral properties of SNARF-1, while its cell-permeant AM
ester acetate aids loading into cells. The emission of SNAREF is in the range of yellow to orange,
which allows co-imaging with dyes fluoresces in the blue region such as Fura-2 (Ref. 122).
SNARF-1 and SNARF-2 both have pK. values above 7 (7.6 for SNARF-1, 7.5 for SNARF-2).
SNARF-4 lowered the pKa to 6.4 for pH detection in slightly acidic environment'%,

Other small molecule-based pH indicators provide alternatives. 8-Hydroxypyrene-1,3,6-
trisulfonic acid (HPTS) is a ratiometric indicator with dual excitation at 405 nm and 450 nm'?*.
Unlike BCECF and SNARF, HPTS is not membrane-permeable, therefore requires physical
injection for intracellular imaging. The pH indicators pHrodo green and red (Thermo-Fisher) are
ideal indicators to image endocytosis because of their low fluorescence signal at neutral pH; the

dye is also cell-permeable!?>126,
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1.8.3 Genetically encoded pH indicators

The development of genetically encoded pH indicators is largely benefited by the intrinsic
pH sensitivity of fluorescent proteins because pH of the environment can influence the protonated
state of the chromophore tyrosine, thus induce fluorescence changes. The pH sensitivity of EGFP
and EYFP was observed two decades ago. EGFP shows dual excitation at approximately 390 nm
and 480 nm and the two peaks changes ratiometrically in response to changes in pH'?’. When
excited at 480 nm, EGFP shows an emission increases with pH increase. EYFP is more suitable
for intracellular pH sensing than EGFP with its pK, at 7.1 while that of EGFP is at 6.15 (Ref. 128).
Other pH sensitive FPs are also available, such as pHvenus with a pK, at 7.3 and mNectarine with
a pKa at 6.9 (Refs. 129,130).

Fusing a pH sensitive fluorescent protein to a FRET donor or acceptor leads to a FRET-
based pH indicator. FluBpH used EcFbFP, a FMN binding fluorescent protein excited at 380 nm,
and YFPs with different pK, values, Citrine (pKa at 5.7), EYFP (pK, at 6.1), and EYFP-H148G
(pKa at 7.5), to generate FRET indicators covers different ranges of pH'*!. The ratio of 570nm
(YFP emission) to 495 nm (EcFbFP emission) reflects the pH of the environment. Another FRET-
based pH indicator is CFP YFP pH FRET sensor, which is excited at 410 nm and emits at 476 nm
(CFP) and 535 nm (YFP)!32. pHusion is a tandem concatenation of mRFP1 and the pH sensitive
EGFP'*.

Engineering on EGFP resulted a variety of green pH indicators. One example is the
ratiometric pH sensitive variant E°GFP (EGFP with F64L/S65T/T203Y/L231H) with a pK, around
7 (Ref. 134). E>GFP shows ratiometric excitation and emission: the emission maximum is at 510
nm at low pH and red shift to 523 nm at high pH; the excitation maximum is at 424 nm at low pH

and becomes two peaks at 401 nm and 515 nm at high pH. Another engineering work on EGFP
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resulted in dual emission deGFPs that have a variety of pK. values: deGFP1 variant
(S65T/H148G/T203C, pK. ~8.0), deGFP2 (S65T/C48S/H148C, pK. ~7.2), deGFP3
(S65T/T203C, pKa ~6.9), and deGFP4 (S65T/C48S/H148C/T203C, pKa ~7.3)!%. These different
pKa values are a result of the changes in the chromophore environment due to the mutations.
Miesenbock and coworkers developed ratiometric pHluorin and ecliptic pHluorin by mutating key
residues identified to affect Tyr66 protonation or excitation spectrum (GIn94, Arg96, His148,
Ile167, Thr203, Ser205 and G1u222)136. With fixed emission wavelength at 508 nm, ratiometric
pHluorin exhibits over a 3-fold excitation ratio (395 nm to 475 nm) change in the pH ranges from
5.5 to 7.5. Ecliptic pHluorin exhibits a remarkable 50-fold emission change in the pH range from
5.5 to 7.5. pHluorin2 improved upon ratiometric pHluorin with codon optimized for mammalian
expression and F64L for better folding'*’. The modifications led to a substantially brighter pH
indicator in the mammalian system with similar spectral properties. Similarly, superecliptic
pHluorin introduced two mutations (F64L and S65T) on ecliptic pHluorin for better folding and
brightness required for neuronal imaging'3®.

Beside EGFP, other fluorescent proteins were utilized to generate a palette of pH indicators
of different colours. pHRed is a red pH indicator based on mKeima with dual excitation at 440 nm
and 585 nm'*°. pHRed has a pK, of 6.5 and a dynamic range over 10. pHTomato is another red pH
indicator resembles excitation and emission maxima (Aex = 550 nm, Aem = 580 nm) of Tomato of
mFruit series'*’. The indicator is originated from mRFP and mStrawberry with six mutations
(F41T, F83L, S182K, [194K, V195T and G196D) relative to mStrawberry. It has a higher pK, at
7.8 and a dynamic range over 2 in the pH range of 7.5 to 9.8. Based on mOrange, pHoranl1—4
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exhibits pKa values of 6.7, 7.0, 7.4, and 7.5, respectively *'. pHoran 4 shows a dynamic range of

17 and outstanding brightness with an extinction coefficient of 83,000 M 'cm ! and quantum yield
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of 0.66. pHuji is an mApple-based pH indicator with a dynamic range of 22 in the pH range of 5.5

to 7.5.

1.9 CI indicators

1.9.1 The roles of CI in cell physiology

Chloride (CI) is an important anion in biology. It regulates proteins and genes including
kinases (e.g., Cl'dependent GTP-utilizing protein kinase, nucleoside diphosphate kinase (NDPK),
and with-no-lysine kinase (WNK)), channels (e.g., Na"™-K"-2CI" cotransporter), and receptors (e.g.,
glutamate ionotropic receptor kainate (GRIK))'#2. CI" in mammalian cells is maintained in a
concentration range of 5 to 100 mM by transporters such as potassium chloride cotransporter 2
(KCC2). The serum CI concentration is maintained at 100 mM by kidney. The gradient is used by
chloride channels for cellular processes. For example, GABA type A receptor (GABAA) conducts
CI" upon GABA binding to allow signal propagations'*.
1.9.2 Small molecule-based CI indicators

The small molecule-based chloride (CI') indicators include 6-methoxy-N-(3-sulfopropyl)
quinolinium (SPQ), N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE), 6-
methoxy-N-ethylquinolinium iodide (MEQ), and lucigenin. These Cl indicators are quenched by
CI" through collisional quenching. The rate of fluorescence quenching is accelerated by the
presence of CI". All of them are long Stoke shift dyes that are excited by UV lights and emits at a
wavelength approximately 100 nm apart from the corresponding excitation maximum!'#!%°_ The
sensitivity of the dyes are reflected by the Stern-Volmer constant Ky, which is defined with the
following equation where o is the quantum yield without quencher, ¢ is the quantum yield, [C1]

is the concentration of the quencher, Cl, and extinction coefficient € is constant:

Do
—2 = 14+ K,,[Cl”
@ + Sv [Cl ]
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Ksv values are 118 M1, 145 M, 200 M™!, and 390 M for SPQ, MEQ, MQAE, and
lucigenin, respectively. Lucigenin has the highest ¢o in addition to the highest Ks,'**!**. When
applied in cells, SPQ and MQAE shows severe photobleaching!**!4. MEQ required an additional
modification for cell permeability; 6-methoxy-N-ethyl-1,2-dihydroquinoline (diH-MEQ) converts
to MEQ after cell entry within 10 min'**. MEQ is much less prone to photobleaching than MQAE
in Swiss 3T3 fibroblasts'4’. Lucigenin, however, is incompatible for intracellular imaging for the
reactivity of its 9-position in biological samples!®.

1.9.3 Genetically encoded CI indicators

The genetically encoded CI" indicators include Clomeleons, ClopHensor, and other YFP-
based indicators. The sensitivity of YFP to CI" was first found by Wachter and Remington'*®. YFP
decreases its fluorescence by 40% with 150 mM CI at pH 7.0. CI" is speculated to binds near
chromophore and disfavours the deprotonated form of the chromophore due to charge repulsion.
This also leads to elevated pKa (5.2 without CI', and 7.0 with CI"). T203Y is present in all the YFPs
tested and is identified as the key mutation for CI" binding!'**!'*°. Since then, YFP has been
intensively engineered to generate better Cl” indicators. H148Q lowers the Kq from 777 mM to 100
mM and increases the response to 50% reduction in fluorescence in presence of Cl” (Ref. 150).
[152L was introduced to reduce the K4 to 85 mM for CI" (Ref. 151). A further engineered variant
mCIl-YFP (EYFP-F46L/Q69K/H148Q/1152L/V163S/S175G/S205V/A206K) has a higher affinity
and a lowered pH sensitivity'>?. These CI” sensitive FPs also responds to other halides.

Ratiometric CI" indicators provide good dynamic range. Kuner and Augustine developed
the first ratiometric Cl” biosensor Clomeleon based on CFP and YFP, where YFP is the only
component affected by CI- concentration'*®. Clomeleon undergoes a near 80% decrease of

Fs270m/Fagsnm ratio in presence of Cl” in vitro and a maximum 2-fold change in hippocampal
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neurons. Clomeleon has a Kq of 167 mM for CI, which leads to a low response in more
physiological relevant applications. Introducing H148Q, 1152L, V163S to Clomeleon led to a K4
of ~30 mM!>*. SuperClomeleon is an improved version with a K4 of 8.1 mM and a dynamic range
of 6.9 (Ref. 155). SuperClomeleon was engineered with changes in the linker between CFP and
YFP; beneficial mutations such as S30R, Q69T and V163A; and Cerulean replacing CFP.

ClopHensor is a dual biosensor for pH and CI" that addresses complications raised by the
pH sensitivity of YFP'®, The sensor is a fusion of pH sensing E2GFP and DsRed monomer. E°GFP
can be excited at 488 nm for pH dependent Cl" measurement or 458 nm for pH independent CI°
measurement. The wavelength of 458 nm is an isosbestic point based on the pH titration of E>’GFP.
DsRed is excited at 543 nm with no overlapping signal from E>GFP. Its signal is affected by neither
pH nor CI" concentration. Hence, measurements with excitation at 458 nm, 488 nm, and 548 nm
allow simultaneous measurement of pH and CI".

Other fluorescent proteins were explored for alternative Cl” biosensors with some attractive
properties. The jellyfish Phialidium sp phiYFP was identified as a naturally occurring Cl sensitive
ratiometric indicator'>’. phiYFP can be excited at 400 nm or 480 nm and emits photon at 540 nm.
When excited at 480 nm, the fluorescence of phiYFP decreases modestly as CI” concentration
increases. When excited at 400 nm, phiYFP shows a maximal 3.5-fold increase of fluorescence
with 400 mM CI'. This allows phiYFP to be a turn-on indicator. Recently, mNeonGreen was
identified as another turn-on CI" indicator with a 21-fold dynamic range and a Kq of 9.8 mM',
These two alternatives, unlike the other genetically encoded and small molecule-based CI
indicators mentioned above, are turn-on indicators, which are less influenced background signals

at the apo state.
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1.10 Cu" indicators

1.10.1 The roles of Cu™ in cell physiology

Copper is an essential nutrient to human health. It has implications in cardiovascular!>’,
immune'®, and nervous systems'®!. The element exists in two forms in biology: the monovalent
Cu" and the divalent Cu®*. The two different oxidation states of copper are exploited by enzymes
that catalyze redox reactions (e.g. cytochrome ¢ oxidase and NADH dehydrogenase)'®?. Many of
these metalloenzymes are located on the membranes of compartmented organelles in eukaryotic
cells. Mitochondria, in particular, contain many copper-dependent enzymes for energy
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production'®. Most copper ions are incorporated as cofactors in enzymes, leading to low free Cu”

concentrations. Excess copper is toxic as free Cu’ can generate free radicals in cells and destabilize
iron-sulfur clusters; therefore, regulated trafficking is required to prevent cell damages'64 166,
Fluorescent copper indicators enable monitoring of free Cu” concentration, thus allow us to better
understand Cu" dynamics and localizations under stimuli or stress.
1.10.2 Small molecule-based Cu” indicators

CTAP-1 is the first synthetic fluorescent indicator for Cu” with a 4.6-fold enhancement of
fluorescence upon Cu* binding'®’. The indicator consists of a tetrathiaza crown ether Cu® binding
motif and a pyrazoline fluorophore. The tetrathiaza crown ether allows specific binding to Cu”
over other ions including Cu**, and monovalent ions K™ and Na*. The K4 value is 40 nM. The
pyrazoline fluorophore enables the UV excitation and the emission at 480 nm. CTAP-1 is
membrane permeable and allows the detection of Cu” localization in NIH 3T3 cells grown in

medium supplemented with Cu’. CTAP-1 showed aggregation, which was addressed by the

improved version, CTAP-2 (Ref. 168). CTAP-2 also presents a dynamic range of 65.
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Coppersensor-1 (CS1) is another synthetic Cu" indicator with a BODIPY fluorophore and

an azatetrathia binding domain'®’

. The indicator displays a dynamic range of 10 and excitation and
emission maxima of 540 nm and 566 nm, respectively. CS3 is a more sensitive and brighter version
with a dynamic range of 75 (Ref. 170). The improvement enabled visualization of Cu”®
concentration at basal and depleted levels and was used to identify Ca®'-dependent Cu*
redistribution.

Some synthetic Cu” indicators were developed for more specific purposes. Mito-CS1 was
targeted to mitochondria via a triphenylphosphonium moiety to enable Cu" imaging in

71 RCS1 was a ratiometric indicator that enables estimation of Cu" in situations with

mitochondria
variations in indicator concentration!”?. It has a 20-fold maximum ratio change and emission peaks
at 505 nm and 570 nm. ACul can be excited two-photons at 750 nm and was used to image Cu”
in the hippocampal slice at depths ranging from 90 to 220 um!'”®. Cao Cu-3 incorporates a
tricarbocyanine scaffold to fluoresce at near infrared!”. It also provides a maximum 9.6-fold
fluorescence change.
1.10.3 Genetically encoded Cu* indicators

The apparent Cu* affinities of the synthetic Cu” indicators range from 107 to 1074 M and
are usually too low for the basal concentration of Cu” in the cell. The low Cu" affinity was
addressed by the genetically encoded Cu" indicators.

FRET-based genetically encoded Cu” indicators were developed with several different Cu”
binding moieties. Wegner and coworkers developed Acel-FRET, Macl-FRET, and Amtl-
FRET!'7>!76, Amt1-FRET uses a Cu’-responsive transcriptional regulator, Amtl, as the binding

domain and CFP/YFP as the FRET pair'”. The indicator has a high affinity (Kq = 2.5 x 107'* M)

that allows visualization fo the tightly controlled Cu” availability. Acel-FRET and Macl-FRET
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was designed with yeast copper regulators Acel and Macl, respectively!’®. The two indicators
show opposing responses to Cu’: Macl-FRET decreases FRET efficiency upon Cu" binding and
Acel-FRET increases FRET efficiency upon Cu’ binding. Acel-FRET has a K4 of 4.7 x 10718 +
8.8 x 107 M and Macl-FRET has a Kq of 9.7 x 102°+ 1.3 x 1072° M for Cu*. Zn?" indicator
eCALWY was also modified for Cu* binding®>!”’. The Zn?" binding domains used in eCALWY
are Cu’ chaperones ATOX1 and WD4, which contains CXXC Zn?** binding motifs®. By mutating
several Cys to Met in the CXXC motifs, Zn** binding was abolished while Cu* binding was
retained!”’. The resulting eCALWY-C2M/C3M shows specific binding to Cu* over Zn** and no
binding to Co**, Cu*", or Ni*".

Some Cu" binding domains were also used for single FP-based Cu" indicators. Amtl Cu”
binding moiety was used to develop EGFP-145Amtl (Ref. 178). The indicator was designed with
Amt] inserted in between residues 145 and 146 of EGFP. YFP-Acel used a similar design with
Acel as the binding moiety and YFP as the reporter'””. YFP-Acel was optimized by adding GGS
linkers of different lengths before Asnl46 of YFP. The resulting variants were named YAGn
where n denotes the number of Gly-Gly-Ser repeats in the linker. YFP-Acel and YAGI are
excitation ratiometric at 440 nm and 496 nm. The longer linker abolished the ratiometric change.
YFP-Acel exhibited the best sensitivity with 38% fluorescence intensity change. The Cu" affinity
increases with increasing linker length (K4 for YFP-Acel, YAGI, YAG2, YAG3, and YAG4 are
(82+12)x10"® (2.0+0.8) x 10, (1.2+£1.0)x 108, (4.6 £ 1.2) x 10", and (3.3 £ 0.9) x

1071).

1.11 Indicators for toxic ions (Pb**, Cd**, As’>" and Hg*")

Indicators for toxic ions, Pb*", Cd**, As®" and Hg*" were also developed to understand the

mechanism of their toxicity in cells. Many of these toxic ions can hijack the transporters for
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essential ions and thus disrupt their normal functions. Pd** can be imported through Ca?* channels
and N-methyl-D-aspartate (NMDA) receptor'8-13!. Pb?** interferes with iron incorporation of
hemoglobin and acts as a Ca>" or Zn?*analog to disrupt Ca*"-dependent signalling pathway and
Zn*"-dependent activities'®?. Similarly, Cd*" mimics Ca?" and Zn*" to cause detrimental effect on

183 Mercury and mercury compounds are extremely toxic for their reactivity to the

multiple organs
thiol group of the amino acid cysteine and thus causes detrimental effect on a variety of key
enzymes'®*. Arsenic can react with reduced thiol group to disrupt protein metabolism in general;
arsenic in the forms of arsenite and arsenate are particularly toxic to the nervous system and
cardiovascular system by disrupting voltage-gated K channels'®. Small molecule-based and
genetically encoded fluorescent indicators are thus valuable tools to investigate the toxicity of
these elements. Among these indicators, synthetic fluorescent indicators for Pb**, Cd**, and Hg?*
have been reviewed previously by Kim and coworkers'®.

SenALiB is a genetically encoded FRET indicator for As** (Ref. 187). The indicator was
designed with an E. coli arsenic sensing domain ArsR flanked by CFP and YFP. Further optimized
variant SenALiB-676n achieved higher affinity for As** with a K4 of 0.676 x 10° M whereas the
Ka of SenALiB is 2.6 x 107 M. The indicator exhibited maximum 10% increase in FRET ratio.

Pb?* indicators include leadfluor-1 (LF1) and leadglow and the protein-based Met-lead
1.59 (Ref. 188). LF1 combines a fluorescein-like scaffold and a dicarboxylate pseudocrown
binding moiety'®. The indicator is sensitive with a dynamic range of 18 and selective to Pb** over
Li*, Na®, K*, Mg?", Ca?’, Mn*", Fe?", Co*", Ni?', Cu**, Zn?*", Cd*", and Hg*". Leadglow is another

sensitive and selective synthetic Pb** indicator!'®.

Because Pb** usually presents in low
concentration in the environment, the practicality of these two indicators are limited by their low

affinity to Pb?" (LF1: Kq = 23 + 4 uM; Leadglow: K4 = 217 nM). The genetically encoded Met-
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lead 1.59 provide a better alternative for low Pb** concentration. It is a FRET-based indicator with
Cupriavidus metallidurans CH34 Pb** binding protein PbrR flanked by CFP and YFP'®!. The
indicator exhibited emission ratios (YFP/CFP) of 3.3-5.7 and two K4 values of 69 nM and 22.081
uM.

Cd*" indicators include small molecule-based Liu Cd-1, Peng Cd-1, and Cheng Cd-1, as
well as genetically encoded Cd-FRET. Liu Cd-1 consists of a fluorescein and a thiosemicarbazide,
and responds to Cd** with a maximum 2.5-fold fluorescence intensity change!*?. Peng Cd-1 used
BODIPY as the fluorophore and presented ratiometric emission (655 nm in Cd** free environment
and 597 nm in Cd** rich environment)!®*. Cheng Cd-1 is another BODIPY-based Pb*" indicator
with superior sensitivity and affinity!®*. The fluorescence intensity of Cheng Cd-1 is enhanced by
maximum 195-fold with linear detection of Cd*" in nanomolar range. Cd-FRET was created by
modifying Zn*" indicator ZinCh-9 with a new (Cys)s4 metal binding motif at the interface of the
FPs'%. Met-cad 1.57 is another genetically encoded FRET-based Cd** indicator with a Cd**
binding protein CadR flanked by CFP and YFP!®®.

Various Hg”" indicators were developed to detect Hg?". Among these indicators, Zhao
Hg-1 and Lin Hg-1 demonstrated remarkable dynamic ranges of 1200 and 1000, respectively!*71%,
Rhodamine spirolactam-based Zhao Hg-1 is nonfluorescent unless bound to Hg**, which converts
the spirolactam to a ring-open amide form reversibly!'®’. Lin Hg-1 used a thiolspirolactam in a
similar manner to achieve the high sensitivity!*®. The molecular structural change upon Hg**
binding allows the rhodamine to fluoresce. Zhao Hg-1 and Lin Hg-1 bind Hg*" with K4 values of
4.6 x 107 M and 2.5 x 107> M, respectively. Compared to these indicators, BODIPY -based 8H-
BDP and Mercuryfluor-1 (MF1) bind Hg** with a stronger affinity (8H-BDP: Kq= 6.3 x 107" M;

MF1: K4=7.0 x 10"'! M) and a lower dynamic range of 27 (Ref. 199).
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1.12 Conclusions

The decades of work on monoatomic ion indicators have yielded many useful tools with
diverse spectral properties, sensitivity, specificity, affinity, and brightness. In general, a useful
indicator displays following properties:

(1) A large dynamic range that allow signal change to be conveniently monitored,

(2) High brightness that enables signal detection at a low concentration of the indicator;

(3) Suitable affinity that is compatible with the compartment where the ligand concentration
is being measured;

(4) Fast kinetics that enable the detection of transient changes;

(5) Specific targeting that allows measurement in the specific cell types, cell compartments, or
extracellular membrane;

(6) Colour variety that enables multiplex or quantitative measurement.

Criteria for making a successful indicator include (1) finding an appropriate ligand binding
moiety and a bioluminescent or fluorescent reporter, (2) exploring and testing different indicator
designs, (3) and extensive optimizations. The properties of the ligand binding moiety and the
reporter are assessed before initiating an indicator development: The binding moiety provides the
binding properties to the ligand of interest, such as affinity, specificity, and Hill coefficient; the
bioluminescent or fluorescent reporter provides spectral properties. Availability of new binding
moieties can open the door for a new indicator. Potassium binding protein (Kbp) enabled the
development of genetically encoded potassium biosensor with a superior selectivity for K* over
Na' (Refs. 1,94,200). Improving existing indicators sometimes involves choosing an alternative
ligand binder or reporter. The green fluorescent mNeonGreen, for example, has been used to

52,53

replace EGFP in Ca?" indicators and also used as a single fluorescent protein CI" indicator!>®,

50



The brighter mNeonGreen allows an increased maximum brightness for mNeonGreen-based
indicators accordingly. The initial development of indicators usually requires multiple designs.
The pH indicators SNARFs, for example, were developed with multiple derivatives that exhibit
different spectral properties and pKa, values'?!. Creating a new single FP-based indicator usually
involves attempts with cp and ncp designs to increase the probability of obtaining a ligand sensitive
design. NIR-GECO, for examples, only responds to Ca®" in the ncp form®2. The initial construct
of genetically encoded indicators rarely responds with optimal performance and thus requires
further optimizations. The best example is the optimization of GCaMP series that lasted for about
two decades. The optimizations include site saturations on identified important sites and directed
evolution. The screenings of variants were performed in E. coli and later hippocampal neurons.
Early GCaMPs evolved in E. coli usually show inferior performance in neurons, necessitating
screenings in neurons, which led to state-of-the-art GECIs®.

The future of monoatomic ion indicators largely relies on new binding moieties and
fluorescent proteins. For example, new binding moieties for Na* is the key to a Na™ indicator
surpasses the currently available ones. The small molecule-based Na® indicators are facing a
specificity issue for Na® over K. The lack of appropriate Na* binding proteins results in no
genetically encoded Na" indicators. The potential impact of a specific and sensitive Na™ indicator
can be enormous when used in combination with a Ca*" indicator and/or a K* indicator for

neuroscience.

1.13 The scope of the thesis

Small molecule-based and genetically encoded ion indicators have enabled imaging of ion
dynamics in live cells, which is important to understand the roles of these ions. Fluorescent

proteins (FPs) are widely used for the development of genetically encoded ion indicators, such as
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GCaMP6s*, a state-of-the-art Ca?* indicators. In this thesis, I will introduce my work on some
new FP-based tools for imaging molecules and activities in lived cells: genetically encoded K*
indicators, as well as tools for protein-protein interactions (PPIs).

The structure determination of the E. coli Kbp®* opened the door to genetically encoded
indicators'?*. In this thesis, several genetically encoded K* indicators are described.

In Chapter 2, two FRET-based K" indicators, KIRIN and KIRIN-GR, and a GFP-based K*
indicator GINKO1 are developed and demonstrated in the cytosol of live cells. The CFP/YFP-
based KIRIN allows ratiometric detection with a dynamic range (Rmax/Rmin) 0f 2.3. The GFP-based
GINKOLI is excitation ratiometric with a maximum Rmax/Rmin 0f 3.5. The dynamic range (Fimax/Fmin)
of GINKO emission is around 2.

The optimizations on GINKOI1 was described in Chapter 3. GINKO2a and 2b were
developed with crystal structure guided optimizations and ten rounds of directed evolution.
GINKO?2a and 2b are more sensitive and selective than GINKO1. Their maximum intensiometric
changes are around 10 and they do not respond to Na" at a concentration up to 150 mM.

Chapter 4 focuses on the efforts on targeting GINKO to the membrane for extracellular K*
detection. Fzd7 leader peptide was identified for secretion, but the membrane tethered GINKO2a
did not respond to K" added to the imaging buffer. Post-translational modifications were found
irrelevant to the functional loss. Tagging purified GINKO2a to the membrane with the SpyTag-
SpyCatcher system led to substantial decrease in the K' response, suggesting membrane
environment might be partially responsible for the functional loss.

In additional to the K* indicators described in Chapter 2-4, FPs for detecting protein-
protein interactions were also engineered as described in Chapter 5 and 6. In Chapter 5, I optimized

ddFPs for better brightness. In Chapter 6, DipdTFP was engineered to form a heterodimer with
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dTomato. The FRET efficiency is remarkably high, but the affinities between the heterodimers
and homodimers need to be addressed for this dTomato-DipdTFP pair to become an effective

FRET-based ddFPs.
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Table 1.1. Spectral properties, affinity, and sensitivity of selective GEClIs in presence and

absence of Ca?*.

The parameters listed are maximum absorbance wavelength (L), extinction coefficient (g),

maximum emission wavelength (Aem), quantum yield (¢), brightness (the product of ¢ and o),

dissociation constant (K4), Hill coefficient (nu), in vitro dynamic range (Fmax/Fmin), fluorescence

range for single action potential, and acid dissociation constant (pK,). Some parameters were

provided at both Ca**-free and Ca"-rich states.

S S [y WA Y VR brightness | Ky | [Fuu/Fo fr/ 0o References
(nm) | cm™) |(nm) ? (mM-em™)|(nM)| i | Ap PRa
403 [26800[5140.04] 1.07 NR
Flash- | ~ | 488 | 6300 | NR | NR NR
pericam [, | 410 [21200]514] 02 [ 4.24 7001071 8 | NR NR 42
494 [16900 [ NR | NR NR
Ratiomet 418 [24100[511] 03 7.23 NR
atiometr] -
ic- 494 | 4100 | NR | NR NR_ 1700l 11| 10 |[NR 42
{ 415 [20500[517[0.18] 3.69
pericam | + NR
494 [10300 [ NR | NR NR
Inverse-| - | 503 [59000]515[0.64] 37.76 NR
pericam [ + | 490 [44000[513[0.44] 1936 2001 1 7| NRIRR 42
[ 409 T 1100 [NR [ NR NR o1
488 | 570 [510[0.03] 0.02 '
G-CaMP 410 [0 [NR[NR R 235] 33| 45 |NR - 43
487 | 1400 [510[0.05] 0.07 '
[ 404 ] 5800 [NR[NR NR 08
G- 489 | 1100 [510]0.56] 0.62 :
CaMPL6| | 403 | 5200 | NR | NR NR | 14638 49 |NR oo 44
488 | 3800 [509[0.79] 3.00 '
~ [ 400 11100 [NR [ NR NR NR
G- 491 | 5200 [511] 0.7 3.64
CaMP2 | [ 401 [ 5800 |NR | NR NR 1461 NR | ~5 | NR NR 45
487 [19000[508[0.93] 17.67
399 [36000 | NR | NR NR 04
" [ 496 [11000(513] 0.2 2.20 :
GCaMP3 399 20000 [NR [ NR SR (405 | 21 | 123 |NR - 46
496 |50000[513[044] 22.00 '
GCaMP5| - [ NR | NR [NR| NR NR 8.7
A T 497 [56100 [ NR [0.65]| 3647 |°07| 27| 174 | NRI—¢% 48
GCaMP5| - | NR | NR [NR| NR NR 8.9
25| 22. R 4
D T 497 [25300 [ NR [0.67] 1605 | |23 0N 7.4 8
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RCaMP1

575

18700

602

0.14

2.62

3.2/4.7/6

" 1300/ 2.50| 10.0 | NR 5 58
+ | 571 65100594051 33.20 4.9
445 28288 | NR | NR NR g7
| 576 [14200(591(0.11 1.59 :
RCaMP2 445 [ 16600 [NR| NR NR 69 | 1.2 | 4.8 [0.09 - 59
563 | 48100 [ 583 | 0.23 11.2 :
iRCaMP1| - | ~575 |33800 |~600] NR NR 5.6
a + | ~570 |54100 |~595| NR NR 21410.861 32 10.15 6.4 60
iRCaMP1| - | ~575 [25300 |~600] NR NR 6.4
b + | ~570 |53400 |~595] NR NR 721161 7.2 10.09 5.5 60
JRGECO| - | ~580 | 61800 |~600] NR NR 8.6
la + | ~570 |53300 |~590] NR NR 1481 1.9/ 116 1 0.3 6.3 60
K- - | 568 |19000]594(0.12| 2.28 NR
GECO1 | + | 565 |[61000(5900.45| 27.45 165112 12 | NR NR 61
NIR- | - | 678 |62000]|704(0.063] 3.906 0.04| 6.03
GECO1 | + | 678 [20000|704]0.019| 0.38 88511.03) 8 5 | 468 62
NIR- | - | NR [67000 | NR [0.059] 3.953 5.26
GECO2 | + | NR [18000 [ NR [0.014] 0.252 33110.94] NR 10.16 4.85 63
NIR- | - | NR [74000 | NR [0.061] 4.514 5.34
GECO2G| + | NR [21000 | NR [0.021] 0.441 48010.78) NR 10.17 4.84 63
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Table 1.2. Physical properties of selected small molecule-based Mg?* indicators.

The parameters listed are maximum absorbance wavelength (Aws), extinction coefficient (g),
maximum emission wavelength (A.m), and dissociation constant (Ky) for Mg?* and Ca?". Some

parameters were provided at both Mg?*-free and Mg?*-rich states.

] Ky for ot
name Mg?"  [Aabs (nm) fc’cr(nl\_/ll) Aem (nm)[ Mg?* Kq (fO{VIC)a References
(mv) | F
- 22,000 511
mag-fura-2 n ;g(g) 24’000 191 1.5 53 201,202
- 369 23,000 505
mag-fura-5—— ) 25’000 2% 2.3 28 203,204
- 349 38,000 480
mag-indo-1 n 330 33’000 117 2.7 35 101
i 490 | 74,000 | NR 03205
mag-fluo-4r— 493 [ 75,000 [ 517 47 >
y ) - 506 77,000 531
agnesium 102,103
Green + 506 | 75,000 | 531 1.0 6
+ 578 82,000 603
-104- - 540
KMG-104 520 NR 17 100 105
AsH + 521 NR 540
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Table 1.3. Physical properties of selected small molecule-based and genetically encoded
pH indicators

The parameters listed are maximum absorbance wavelength (L), extinction coefficient (g),
maximum emission wavelength (Aem), quantum yield (o), isosbestic wavelength (Aiso), dissociation
constant (Kq4), Hill coefficient (nu), and in vitro dynamic range (Fmax/Fmin). Some parameters were

provided at both acidic and basic conditions.

Aabs € (M_ Aem Aiso ) References
name pH (nm) | lem) | (nm) (0] (nm) pKa| nH | Fmax/Fmin
Small molecule-based pH indicators
... | 470 NR NR | NR 120
acidic— 0T NR | 535 | NR
BCECF R T R TNR ] 440 [6:98] NR NR
505 NR 520 | NR
.| 515 [ 17700 121
SNARE-1 |9 520 T 21600 | > |90 521 [7.62] nR NR
basic| 573 | 44100 | 631 |0.09
.| 518 | 20500 121
SNARF-2 |29 550 T 24200 | 2% | 903 530 77'2)’ NR NR
basic| 576 | 46400 | 633 |0.16 '
| 518 | 23200 121
C.SNIARF- acidic 543 5700 585 (0.047 534 | 76 NR NR
basic| 575 | 44900 | 637 |0.09
.| 516 | 26200 121
C.SNZARF- acidic 550 29300 585 [0.02 594 7777% NR NR

basic| 577 | 51500 [ 635 |0.11
Genetically encoded pH indicators

EGFP / 480 NR 510 [ NR | NR [6.15| 0.7 NR 127
EYFP / 514 NR 527 | NR | NR | 7.1 1.1 NR 128
mNecterine| / 558 NR 578 [ NR | NR | 69| 0.78 NR 130
acidic| 424 | 31560 | 510 |0.22 134
E2GFP 401 | 28180 | 523 |0.91

i R R R

basic = 0400 | 527 [NR | 7| N N
acidic| 400 | 28700 | NR | NR 135

dEGFPI basic| 504 | 54800 | 516 |0.49 NR 18021 NR NR
acidic| 398 | 21700 | NR | NR 135

dEGFP2 basic| 496 | 38200 | 517 [0.55 NR 17251 NR NR
s 1: 135

JEGFP3 acidic| 396 | 26700 NR | NR NR 6861 NR NR

basic| 508 [ 45900 [ 518 |0.57
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acidic] 400 | 26900 | NR | NR EE

dEGEP4 T sic] 509 [ 50800 | 518 J027] R [737] NR| MR
. / 395 NR 3 (pH 5.5- 136

r-pHluorin | = Zo———2— 508 | NR | NR |NR | NR 7.5)
o 136

epHluorin| / | 395 | NR | s08 | NR | NR[NR| NR 36 (51;1)6
pHRed | / | 440 | NR | 610 |[NR| NR | 65| NR | _>10 EE
o 140

pHTomato| / | 550 | NR | 580 |NR| NR [78| NR [ %%7-5
_ 141

pHuji | / | 556 | NR | 598 [NR| NR [77] nR [P (I;Ig)“
- _ 138,141

SE- 1y 1405 | NR | 512 [NR| NR |72 190 PO®HSS

pHIuorin 7.5)
_ 141

pHoranl | / | 547 | NR | 564 |NR| NR |6.7] 087 10(1;%)5'5
_ 141

pHoran2 | / | 549 | NR | 563 |NR| NR | 7.0 | 0.89 12(1;1;55
_ 141

pHoran3 | / | 551 | NR | 566 | NR | NR |74 0387 15(17’%)5-5
_ 141

pHorand | / | 547 | NR | 561 |NR | NR |7.5| 092 17(17’%)5-5
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Table 1.4. Physical properties of genetically encoded CI- indicators.

The parameters listed are maximum absorbance wavelength (Aws), extinction coefficient (g),

maximum emission wavelength (Aem), quantum yield (), brightness (the product of & and o),

dissociation constant (K4), Hill coefficient (nu), in vitro dynamic range (Fma/Fmin), and acid

dissociation constant (pK,). Some parameters were provided at both Cl'-free and Cl -rich states.

{ Aabs [€ (M| Aem brightness '
name Cl (nm)|lcm™{(nm) [0) (mM-lem™) Kd (mMM)| nu [Finax/Fmin | pKa|References
400| NR |NR |[NR NR 57
" 1505(10021{5200.18]  1.80 ' 158
mNeonGreen R 200l NR INRINR NR 9.8 10.72] 21 .
505126884|520(0.4| 10.75 ’
YFP / [514] NR |527 [NR NR 777 |NR| 1.6 [NR 148
Clomeleon / INR | NR |NR|NR NR 167 |NR| 49 |NR 153
SuperClomeleon | / |[NR | NR |NR [NR| NR 8.1 |NR| 69 |[NR 155
YFP-H148Q |/ |NR[71000|NR [0.59| NR 100 |NR 2 6.7 150
YFP- 151
H148Q/1152L / [NR|52200] NR [ 0.6 NR 85 |NR 2 1692
480 NR |540(0.44 NR 49
phi-YFP 4001 NR 154010.02 NR 384 [09| 3.5 157
N 480 NR |540(0.49] NR 54
400 NR |540[0.06f NR )
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Chapter 2 Genetically encoded fluorescent indicators for imaging

intracellular potassium ions

2.1 Abstract

Potassium ion (K") homeostasis and dynamics play critical roles in regulating various
biological activities, and the ability to monitor K" spatial and temporal dynamics is critical for the
understanding of these biological functions. Here we report the development of three genetically
encoded indicators for fluorescence imaging of dynamic changes in K™ concentration. KIRIN1
(potassium (K) ion ratiometric indicator) and KIRIN1-GR are Forster resonance energy transfer
(FRET)-based indicators constructed by inserting a bacterial cytosolic K binding protein (Kbp)
between the fluorescent protein (FP) FRET pairs, mCerulean3/cp173Venus and Clover/mRuby?2,
respectively. Changes in FRET efficiency due to binding of K* induce emission ratiometric
changes (AR/Rmin) of 130% and 20%, respectively. GINKO1 (green indicator of K" for optical
imaging) is a single fluorescent protein-based K" indicator constructed by insertion of Kbp in to
EGFP. KIRINI, KIRIN1-GR, and GINKO1 are suitable for detection of K™ at physiologically
relevant concentrations in vitro and are highly selective toward K™ over Na“. We demonstrate that
KIRIN1 enables imaging of pharmacologically induced depletion of cytosolic K* in live cells, and
optical tracing of K* efflux and reuptake in neurons upon glutamate stimulation in cultured cortical
neurons. GINKOI1 enabled dual-color imaging of ion concentration changes in neurons, in
conjunction with red fluorescent Ca?* indicator K-GECO1. These results demonstrate that KIRIN 1

and GINKO1 are useful tools for imaging intracellular K dynamics.
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2.2 Introduction

Intracellular and extracellular potassium ion (K") concentration affects all aspects of
cellular homeostasis, and therefore techniques that enable the visualization of K* in biological

206 Normal levels of K™ concentration (~150 mM for intracellular

tissues are of high importance
K*; ~5 mM for extracellular K*) are vital for the maintenance of neuronal®*’-?%8, cardiovascular?®’,
as well as immune system function?'%2!2, Abnormal K* concentration levels are often associated
with disease conditions?!**!4, Measuring K* concentration has predominantly relied upon K*-
specific glass capillary electrodes?!®. Although sensitive and accurate, such electrode-based
measurements are invasive, time consuming, and low throughput. Electrode-based measurements
also provide little to no spatiotemporal information on K" dynamics in biological samples.
Alternatively, synthetic small molecule-based K'-sensitive fluorescent dyes have been developed
to measure K* concentration, but these dyes usually have poor selectivity, as they also bind to Na*

%091~ Although K*-sensitive dyes with improved selectivity have been

with similar affinity
reported?!%2!7 the use of synthetic dyes still involves complications including cumbersome
loading and washing steps. In addition, synthetic dyes cannot be targeted to specific cells in a
tissue.

Much as genetically encoded calcium ion (Ca*") indicators have revolutionized the study
of cell signalling and Ca*" biology in vivo, so to might genetically encoded K" indicators
revolutionize the study of K™ homeostasis and dynamics in live cells and in vivo. Such indicators
would allow accurate measurement of K concentration levels in specific cell types or cellular
organelles with spatial and temporal resolution. The key to designing such an indicator is to

identify or develop a suitable sensing domain with a high degree of specificity toward K™ and

sufficient levels of conformational change upon binding to K*. Recently, an E. coli K" binding
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protein (Kbp) was identified and structurally characterized”*. Kbp is a small (149 residues, 16 kDa)
cytoplasmic protein with highly specific K™ binding properties. Kbp contains two domains: BON
(bacterial OsmY and nodulation)?!® at the N-terminus and LysM (lysin motif)*!° at the C-terminus.
Importantly, small-angle X-ray scattering (SAXS) structural analysis of Kbp has revealed that the
protein exhibits a global conformational change upon K* binding’, bringing BON and LysM
closer to each other to stabilize Kbp. This high K" specificity and large conformational change are
ideal properties for constructing a genetically encoded K" indicator.

Genetically encoded indicators are widely used tools for studying biochemical activities in
live cells??*?2!, Among these indicators, intramolecular Forster resonance energy transfer (FRET)-
based indicators are particularly useful for the detection of binding-induced protein conformational
change?®?. The design principle of such indicators is straightforward and well-established: a
sensing domain is attached to two fluorescent proteins (FPs) as a single polypeptide chain. Upon
analyte binding, the conformational change of the sensing domain affects the FRET efficiency
between the attached fluorophores, altering the ratiometric fluorescence emission??*. FRET ratio
change is independent from protein expression level therefore can be useful for quantitative
imaging in live cells. However, FRET-based indicators have large fluorescence spectrum width
due to the employment of two FPs, which limits their applications in multiplexed imaging
experiments. Single FP-based indicators typically utilize the conformational change of the sensing
domain to allosterically alter the FP chromophore environment, resulting in an intensiometric
change in fluorescence*!. With narrower spectral profiles, single FP-based indicators are more
easily used for multiparameter imaging®’.

The development of FP-based genetically encoded indicators, including for Ca?*, Zn*",

Mg?*, ATP, neurotransmitters, membrane voltage, and various enzyme activities, has opened new
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avenues for biological studies and led to numerous new biological insights’®-1%¢-224-23% However,
analogous indicators for monovalent metal cations including sodium (Na") and potassium (K)
ions have been noticeably absent from this toolkit until the recent report of FRET-based K"
indicators, known as GEPIIs (genetically encoded potassium ion indicators), based on Kbp and
mseCFP/cpVenus FRET pair. GEPIIs were successfully used to semi-quantify subcellular K*
concentration in HeLa cells and visualize K* level changes INS-1 cells. Purified GEPII protein
was also used to quantitatively assess the K concentration in biological samples in vitro*®.

Here we report an independent and parallel effort to engineer and characterize genetically
encoded K indicators based on Kbp. We describe both cyan-yellow (KIRIN1) and green-red
(KIRIN1-GR) FRET-based K" indicators, as well as a single FP-based green fluorescent K"
indicator (GINKO1). Considering their independent origins, KIRIN1 and GEPII are remarkably
similar in terms of design and performance, although a different donor FP was utilized in KIRIN1
versus in GEPIIs. KIRIN1-GR offers spectral distinction with the same FRET design, while

GINKOI represents a new type of K" indicator. With these indicators, we imaged intracellular K*

level in live mammalian cell lines and dissociated neurons as a proof-of-principle demonstration.

2.3 Results

2.3.1 Engineering and characterization of FRET-based K" indicators

We designed genetically encoded K" indicators by inserting Kbp between a FP FRET pair (Fig.
la). We expected that, upon binding of K", the Kbp sensing domain would undergo a
conformational change, increasing FRET efficiency between the FP donor and acceptor (Fig. 1b).
Accordingly, we would observe a ratiometric fluorescence change with donor emission
fluorescence decrease and acceptor emission fluorescence increase. We constructed a fusion

protein consisting of the cyan FP (CFP) mCerulean3 as the FRET donor?*' and a circularly
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permutated variant of yellow FP (YFP), cpl173Venus?*?, as the FRET acceptor. The donor,

mCerulean3, is the brightest CFP currently available®*

with an exceptionally high quantum yield
at 0.80. The acceptor, cp173Venus, is a bright FRET acceptor with an orientation factor optimized
for a CFP-based donor?*2. mCerulean3 is linked to the N-terminus of Kbp (residues 2—149) and

cpl73Venus is attached to the C-terminus (Fig. 2.1a, b). The resulting construct was designated

KIRINT (potassium (K) ion ratiometric indicator).
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Figure 2.1. Design and in vitro characterization of KIRIN1.

(a) Design and construction of the genetically encoded K* indicator KIRIN1. mCerulean3
(residues 1-228) at the N-terminus is linked with Kbp (residues 2—149), followed by cp173Venus
(full length) at the C-terminus. (b) Schematic demonstration of the molecular sensing mechanism
of KIRIN1. Binding of K* induces a structural change in the Kbp protein, increasing the FRET
efficiency between mCerulean3 and cp173Venus in KIRIN1. (c) KIRIN1 emission fluorescence
spectrum (excitation 410 nm, emission 430 nm to 650 nm) in Tris HCI buffer with (red) and without
(blue) K*. (d) FRET acceptor-to-donor fluorescence ratio (Fsso/F47s) of purified KIRIN1 protein at

various concentrations (1 uM to 150 mM) of K* (red) and Na* (blue) solutions. (e) FRET acceptor-

65



to-donor fluorescence ratio of purified KIRIN1 protein upon addition of various physiologically

relevant ions including Mg?* (10 mM), Ca?* (10 uM), and Zn?* (10 uM).

To investigate the potential utility of KIRIN1 as a K* indicator, the protein was purified
and characterized in vitro. To determine the K'-induced FRET efficiency change, we first
measured the emission spectrum (430 nm to 650 nm) of KIRIN1 protein in Tris buffer (Fig. 2.1¢).
Upon the addition of 150 mM K, the mCerulean3 emission (~475 nm) decreased by ~50% and
cpl73Venus (~530 nm) emission increased by ~30%, indicating an increase in FRET efficiency
resulting from the K'-induced structural compaction of Kbp. The maximum FRET acceptor and
donor fluorescence emission intensity ratio (R = Fs30/F475) change (AR/Rmin) was 130%, which is
comparable to highly optimized CFP-YFP-based FRET indicators3*23*,

To determine the K" affinity of KIRIN1, we measured the mCerulean3 and cpl73Venus
fluorescence emission ratio (Fs30/F475) in the presence of K concentrations ranging from 1 uM to
150 mM (Fig. 2.1d). The indicator showed FRET ratio changes over the range from 0.1 mM to
100 mM K", which overlaps the physiologically relevant concentrations. The K" titration curve
was fitted with a one-site saturation model, yielding an apparent dissociation constant (Kq) of 1.66
+ 0.05 mM and an apparent Hill coefficient (nn) of 1.05 + 0.03 (Fig. 2.1d). To test the selectivity
for K* relative to Na*, we incubated KIRIN1 with Na* over the physiological concentration range
from 1 pM to 150 mM. The emission ratio remained unchanged upon the addition of
concentrations of Na™ up to 150 mM (Fig. 2.1d), indicating that KIRIN1 has an excellent
selectivity for K* over Na*. The indicator exhibited no significant FRET ratio change upon the
addition of other physiologically relevant ions including Mg?* (10 mM), Ca** (10 uM), and Zn**

(10 uM) (Fig. 2.1e), further confirming the specificity of KIRIN1 for K. Kinetics characterization,
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using stopped-flow fluorescence, revealed a kon of 28.5 = 0.8 mM's™! and a kogr of 105.5 £ 5.3 57!
for K' binding to KIRIN1, indicating that KIRIN1 has a rapid kinetic response to changes in K*

concentration (Fig. 2.2a).

a KIRIN1 kinetics b GINKO1 kinetics

4 _ -14-1 4
5009 ko =28.5+08mM's 2501 k., =9.32+025mM s

K* concentration (mM) K™ concentration (mM)

Figure 2.2. Stopped-flow kinetic characterization of genetically encoded K" indicators.

Observed rate constants (kobs) are plotted as a function of K* concentration for (a) KIRIN1 and (b)
GINKO1. Rate constants of association and dissociation (kon and kor) were determined by fitting

linear regression to the equation Kobs = kon[K*] + Kot

In a parallel effort, we constructed a red-shifted FRET-based K" indicator using the Clover
green FP (GFP) and the mRuby2 red FP (RFP) pair?** (Fig. 2.3a, b). The resulting indicator,
KIRIN1-GR (KIRIN1 with GFP and RFP), exhibited a K4 0f 2.56 = 0.01 mM for K" binding. Like
KIRIN1, it also showed a strict selectivity toward K. However, the in vitro K* binding—induced
FRET ratio change (AR/Rmin) was limited to 20%, which is much smaller than the 130% ratio

change of KIRIN1 (Fig. 2.3c, d, e).
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Figure 2.3. Design and in vitro characterization of KIRIN1-GR.

(a) Design and construction of the genetically encoded K* indicator KIRIN1-GR. (b) Schematic of
the molecular-sensing mechanism of KIRIN1-GR. (c) Emission fluorescence spectrum of KIRIN1-
GR with (red) and without (blue) K*. (d) K* titration curve (red) and Na* titration (blue) of KIRIN1-
GR according to FRET acceptor-to-donor fluorescence ratio (Feoo/Fs20). (€) FRET acceptor-to-
donor fluorescence ratio of the genetically encoded K* indicator elicited by adding different

physiologically relevant ions including Mg?* (10 mM), Ca?* (10 uM), and Zn?* (10 uM).

2.3.2 Engineering and characterization of a single fluorescent protein-based K* indicator
Building upon the development of FRET-based K" indicators KIRIN1 and KIRIN1-GR,
we sought to engineer a single FP-based K* indicator. We first attempted to engineer such an
indicator based on a circularly permutated (cp) EGFP scaffold similar to the design of GCaMP?%¢
series of Ca®" indicators. In this design, the BON and LysM domains of Kbp were split and fused

to the N/C termini of cpEGFP respectively. The resulting protein exhibited green fluorescence, but

this fluorescence did not change upon addition of K*, possibly due to a disruption of Kbp protein
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function. In order to keep Kbp protein fully intact, we explored an alternate indicator topology and
inserted the Kbp domain into the FP. This topology was first used in the camgaroo Ca®* indicator*!

and has recently been used for non-circularly permutated (ncp) Ca*" indicator*’’

and glutamate
indicators®3®. Insertion of Kbp into the EGFP scaffold of GCaMP6s at residue 144 yielded a
functional green fluorescent indicator for K™ (Fig. 2.4a, b), designated as GINKOI1 (green

indicator of K* for optical imaging).
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Figure 2.4. Design and in vitro characterization of GINKO1.

(a) Design and construction of the genetically encoded K* indicator GINKO1. (b) Schematic
demonstration of the molecular sensing mechanism. (c) GINKO1 excitation and emission
fluorescence spectrum in buffer with (red) and without (blue) K*. (d) Excitation ratio of purified
GINKO1 protein at various concentrations of K* (red) and Na* (blue) solutions. (e) Excitation
fluorescence ratio of purified GINKO1 protein upon addition of various physiologically relevant

ions.
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To characterize GINKO1, we first measured the fluorescence excitation and emission
spectrum of purified GINKO1 in Tris buffer with and without K (Fig. 2.4¢). Upon the addition of
150 mM K, the green fluorescence emission (~515 nm) intensity increased to ~250% of its initial
intensity. GINKO1 also exhibited a K'-dependent excitation ratio change (Fsoo/F400) from 3.5
(without K¥) to 13.5 (with K¥), making it an excitation ratiometric indicator (Fig. 2.4¢, d). To
determine the K" affinity of GINKOI1, we measured the green fluorescence excitation ratio
(Fs00/Fa00) over K concentrations ranging from 1 pM to 150 mM (Fig. 2.4d). The K" titration
curve revealed an apparent Kq of 0.42 &+ 0.03 mM and apparent Hill coefficient (nu) of 1.05 £0.03
(Fig. 2.4d). To test the selectivity for K" relative to Na*, we also titrated Na* over the concentration
range from 1 uM to 1 M (higher concentrations of Na' lead to sensor protein precipitation).
GINKOI fluorescence excitation ratio (Fsoo/F400) changed to 12 upon addition of 1 M Na". Fitting
of the Na" titration curve revealed an apparent K4 of 153 + 8 mM and an apparent ny of 1.04 +
0.05 (Fig. 2.4d). The binding affinity for K* is over 350 times higher than that for Na®, indicating
that GINKO1 is highly selective towards K™ over Na". GINKOI1 exhibited no significant excitation
ratio change upon the addition of other ions including Mg** (10 mM), Ca®" (10 uM), or Zn** (10
uM) (Fig. 2.4e), confirming its K" specificity. Stopped-flow kinetic characterization of GINKO1
revealed kon = 9.32 + 0.25 mM!s™! and kor = 85.9 + 1.6 s for K* binding, similar to the kinetic

constants for KIRIN1 (Fig. 2.2b)
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2.3.3 Imaging of intracellular K* depletion in cell lines with KIRIN1

b Amphotericin B & Ouabain C DMSO
5 5
i D-.Ei .................................. . ) U..}iiif§}§§§}
r s [ ] I 54
z F E
= 10 b o 104
15 { } ¢ 15
20 T T T T T T 20 T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time {min)

Figure 2.5. Imaging intracellular K* depletion using KIRIN1.

(a) Representative FRET acceptor (excitation 438/24 nm, emission 544/24 nm) to donor
(excitation 436/20 nm emission 483/32 nm) fluorescence ratio (R = Facceptor/Faonor) image of live
HelLa cells expressing KIRIN1 (scale bar = 20 um). (b) Trace of FRET acceptor-to-donor
fluorescence percentage ratio change (AR/Ro) after treatment of live HelLa cells expressing
KIRIN1with 5 yM amphotericin B and 10 uM ouabain (n = 7). (c) Trace of FRET acceptor-to-donor
fluorescence percentage ratio change (AR/Ro) without chemical treatment (n = 13) on live HelLa

cells expressing KIRIN1.

The in vitro characterization suggested that Kbp-based genetically encoded K™ indicators
are promising candidates for visualization of intracellular K™ dynamics in live cells. To test the
performance of KIRIN1 in cells, immortalized human cervical cancer cells (HeLa) were
transfected with the plasmid encoding KIRIN1. Changes in intracellular K™ concentrations were
then induced pharmacologically by Amphotericin B, an antifungal drug that induces K" efflux,
and ouabain, an inhibitor of sodium-potassium ion pump (Na/K-ATPase). Addition of both
amphotericin B and ouabain to HeLa cells has been reported to deplete intracellular K*
concentration?**%°, Cells were imaged in both the CFP (excitation 436/20 nm emission 483/32

nm) and FRET (excitation 438/24 nm, emission 544/24 nm) channels, and the FRET ratio image
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of KIRIN1 was calculated by dividing the FRET channel image by the CFP channel image (Fig.
2.5a). Upon treatment with 5 uM amphotericin B and 10 uM ouabain, the indicator exhibited a
gradual decrease of 15% in FRET ratio over a period of ~60 minutes, signaling a decrease of K"
concentration in the cells (Fig. 2.5b). The control experiment using KIRINI-expressing cells
treated with DMSO vehicle revealed no significant change in FRET ratio over the same time period
(Fig. 2.5¢). These findings demonstrate that KIRIN1 is capable of monitoring intracellular K*
changes across a population of live cells in real time.

2.3.4 Imaging intracellular K* dynamics in primary neurons with KIRINI
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Figure 2.6. Imaging neuronal K* dynamics using KIRIN1.

(a) Representative CFP channel fluorescence image of dissociated cortical neuron expressing
KIRIN1 (scale bar = 30 um). (b) FRET acceptor-to-donor fluorescence percentage ratio change
time course with the treatment of glutamate (n = 6). (c) FRET acceptor-to-donor fluorescence
percentage ratio change time course with treatment with a high concentration of extracellular K*

(n=3).

K™ plays an essential role in maintaining the proper membrane potential of neurons. Neuron
activities are associated with K" efflux and influx. Repeated activation of neurons can induce larger

efflux and influx. We examined whether these changes in intracellular K" can be detected optically
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using KIRIN1. We utilized primary neurons cultured from the rat cortical region, a well-
established neuronal model. KIRIN1 was expressed in neurons via transient transfection, and its
fluorescence appeared to distribute evenly throughout the cell, filling the cell bodies and processes
(Fig. 2.6a). Previous studies?*!* using electrode-based measurements of extracellular K*
concentration revealed that activation of ionotropic acetylcholine, A-type y-aminobutyric acid
(GABA) or glutamate receptors, mediates a strong K™ efflux from neurons, resulting in efflux of
intracellular K. After perfusion of glutamate (1 mM) for a short period (30 s), neurons expressing
KIRINT underwent a 10% decrease in FRET ratio within 120 s; after washing out glutamate, the
FRET ratio of KIRINT1 returned to baseline after ~600 s, suggesting a slow re-equilibration of
intracellular K* concentration in neurons (Fig. 2.6b). The observed FRET change is consistent

242 and synthetic fluorescent dye”!.

with previous measurements using both electrode
To further confirm that the FRET ratio change was due to K™ concentration changes, rather
than other cellular changes associated with neuronal activities, we performed the same set of
experiments but replaced glutamate stimulation with high extracellular concentrations of K™ (30
mM)?*. This condition depolarizes neurons but does not cause a major K* efflux, possibly due to
the fact that the K™ gradient across the membrane is reduced and thus the driving force for outward
K" current is attenuated?*!2*. Under these conditions, neurons expressing KIRIN1 did not
undergo any detectable decrease in FRET ratio (Fig. 2.6¢), confirming that KIRIN1 FRET changes
specifically reflect K™ dynamics during neuronal activity.
2.3.5 Imaging intracellular K* dynamics in primary neurons and glial cells with GINKO1
One of the advantages of single FP-based indicators is that, relative to FRET-based

indicators, they can be readily combined with other colours of FP for multiparameter imaging. To

explore whether GINKO1 could be used with a red fluorescent Ca*" indicator for imaging of K*
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and Ca?" dynamics in the same cell, we co-expressed GINKO1 and K-GECO1 (Ref. 247) in
cultured dissociated cortical neurons (Fig. 2.7a, b). Neuronal activity was evoked by a short
exposure (30 s) to glutamate (500 uM). Following this treatment, the red fluorescence from K-
GECOI rapidly increased by an average of 188% within 10 s, followed by a gradual decrease back
to baseline in 300 s (n = 10) (Fig. 2.7¢, pink trace). The green fluorescence of GINKO1 followed
a relatively slow, but significant decrease of 43% in 120 seconds, and then recovered back to
baseline level after 900 s (n = 10) (Fig. 2.7¢, green trace), consistent with the results from KIRIN1
in neurons with glutamate stimulation.

We further imaged neuronal K* and Ca** changes with stimulation using high extracellular
concentrations of K (30 mM). Cultured dissociated cortical neurons were perfused for 60 s with
30 mM extracellular K'. Following the stimulation, a 28% increase in K-GECO1 red fluorescence
was observed due to neuronal depolarization and Ca*" influx (n = 7) (Fig. 2.7d, pink trace). In the
same cells, GINKOI1 green fluorescence exhibited a 9% increase (Fig. 2.7d, green trace),
indicating a K" influx. This K" influx was not detected by KIRIN1 under the same experimental
conditions, suggesting that GINKOI is a more sensitive indicator for reporting intracellular K*
concentration elevation.

Building upon this insight, we continued to explore the K™ and Ca** dynamics in (astrocytic)
glial cells using GINKOI and K-GECOI1. Compared to neurons, glial cells have relatively
hyperpolarized resting membrane potentials and that glia display large and selective K*
permeability?*®2%°. These electrophysiological properties of glial cells contribute to their function
in maintaining and regulating extracellular K* concentration. Accordingly, an elevated
extracellular K™ concentration should trigger the K* uptake by glial cells, leading to an increase in

intracellular K* concentration?#-#4230.251 " Glial cells expressing both GINKO1 and K-GECOI
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were stimulated using 30 mM extracellular K for 60 s. Upon treatment, GINKO1 green
fluorescence intensity increased by 53% (n = 4) (Fig. 2.7e, green trace), a more substantial increase
than the 9% increase observed for identically treated neurons. K-GECO1 red fluorescence showed
a slight increase of 4% (n = 4) (Fig. 2.7d, pink trace), which is substantially less than the 28%
increase in neurons. These results support the notion that glial cells regulates extracellular K*
homeostasis®>>, also revealed a differential response of glial cells versus neurons in handling K*

and Ca?" under depolarized conditions.

Extracellule racellule
GINKO1 (o4 Glutamate (500 M) d f “.ja ular e : flrdc.t.l\ular
- K™ (30 mM) K™ {30 mi)
— L
0.41 e GINKO? 061 — GINKOf

o K.GECO1 ¢ -+ K-GECO1
0.4

L -0.4+4 —— GINKO1 | ’I 0.2 4

m .
b KGECO1 i 02

]
AFIF,
AFIFy

0.0

0.2
Time (s 100 200 300 200 400 800 800
) Time (s) Time (s)

250 500 750 1000 1250

Figure 2.7. Dual-Color imaging of K* and Ca?* dynamics in cultured cortical dissociated
neurons and glial cells.

(a) Representative GFP channel fluorescence image of dissociated neuron expressing GINKO1.
(b) Representative RFP channel fluorescence image of dissociated neuron expressing K-GECO1
(scale bar =5 ym). (c) Normalized fluorescence intensity change (AF/Fy) time course of GINKO1
and K-GECO1 with stimulation (30 s, 500 pM) of glutamate on neurons (n = 10). (d) Normalized
fluorescence intensity change (AF/Fo) time course of GINKO1 and K-GECO1 with stimulation by
a high concentration of extracellular K* on neurons (n = 7). (e) Normalized fluorescence intensity
change (AF/Fo) time course of GINKO1 and K-GECO1 with stimulation by a high concentration of

extracellular K* on glial cells (n = 4)
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2.4 Discussion

We have developed a genetically encoded FRET-based K* indicator, KIRIN1, based on
bacterial Kbp and the FRET pair of mCerulean3 and cpl173Venus. Characterization of KIRINI
revealed that the FRET efficiency changes over the physiologically relevant range of K*
concentrations. The dynamic range (based on FRET emission ratio) of KIRIN1 in vitro is 230%,
comparable to some highly optimized FRET-based ion indicators***>32>* Importantly, KIRIN1 is
much more selective for K™ than Na*, due to the inherent K™ selectivity of Kbp®*. Our findings on
KIRINT are largely consistent with the similarly designed K™ indicator, GEPII1.0, which also uses
Kbp and the cyan/yellow FRET pair**’. The main difference between GEPII1.0 and KIRIN1 is the
use of mseCFP versus mCerulean3, respectively, as FRET donors. Both indicators use Kbp as a
sensing domain and cpl173Venus as a FRET acceptor. In addition to KIRIN1, we constructed
another K" indicator, KIRIN1-GR, based on the green and red FP FRET pair Clover/mRuby2.
However, the change in FRET ratio of KIRIN1-GR is substantially smaller than that of KIRINI,
which is likely due to the relatively low quantum yield of mRuby?2 (0.38) as FRET acceptor®>> and
the absence of a weak dimerization effect, which is present in the CFP/YFP pair®**?%’, Nonetheless,
due to its red shifted spectrum and large difference in fluorescence hue between donor and acceptor,
the GFP/RFP FRET-based KIRIN1-GR may offer a high signal-to-background ratio with minimal
spectral bleed-through. Future efforts to increase the KIRIN1-GR FRET change could be directed
at replacing the Clover/mRuby2 FRET pair with brighter GFPs such as mClover3 or mNeonGreen,
and brighter RFPs such as mRuby3 or mScarlet®!>332%8 This work provides further support for the
conclusions of Bischof et al.>*, that Kbp-based FRET K" indicators are well-suited for sensing K*

in vitro and in live cells.
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We have also developed a single FP-based green fluorescent K™ indicator, GINKO1, which
utilizes a distinctly different design relative to the FRET-type indicators. By inserting the Kbp
domain into a single fluorescent protein (EGFP scaffold), K binding-induced conformational
changes of Kbp and modulated the FP fluorescence. This fluorescence intensity modulation is most
likely associated with alteration of the equilibrium between the protonated and deprotonated forms
of the EGFP chromophore?’. This design enables the detection of K dynamics based on single
emission wavelength fluorescence intensity changes. Characterization of GINKO1 revealed that it
has 2.5-fold fluorescent intensity change (Fmax/Fmin) upon K™ binding. Single-FP based indicators
offer various advantages over their FRET-based counterparts. Specifically, they can more easily
be used for simultaneous multiparameter imaging with minimal spectral bleed-through. In addition,
single FP-based indicators have the potential to be engineered for larger intensity-based
fluorescence changes, as suggested by the development and optimization of the GCaMP series of
Ca”' indicators*®*34°, Beyond these typical advantages of single FP-based indicators, GINKOI is
also excitation ratiometric. With approximately 4-fold K*-binding induced excitation ratio change
(Rmax/Rmin), GINKO1 can also be used for ratiometric imaging. Ratiometric imaging is preferable
for quantitative imaging enables experimental correction for intensity differences that are due to
variability in protein expression levels. For these reasons, GINKOI1, with further engineered
variants, could ultimately serve as a more versatile tool for K™ imaging, compared with its FRET-
based counterpart KIRIN1.

Single FP-based GINKO1, FRET-based KIRIN1, and the previously reported FRET-based
GEPIIs*, are indicators with large dynamic range and high specificity, making them promising
probes for K* imaging. Our imaging experiments in cell lines and dissociated neurons have

demonstrated that both KIRIN1 and GINKO1 are useful for imaging K* dynamics intracellularly.
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The advent of Kbp-based K" biosensors will open new avenues for investigation of cellular
signaling associated with normal or abnormal K™ dynamics. As they are genetically encoded, these
indicators are compatible with in vivo expression in animal models (either with viral vectors or
through transgenic technology). Important application areas include imaging of neuronal activity,
cardiovascular activity, and innate immunity activation, at the single-cell level or across large cell

populations, and ultimately achieving a deeper understanding of the role of K™ dynamics in vivo.

2.5 Methods

Plasmid DNA construction

DNA encoding KIRIN1 was synthesized and cloned into the pET28a+ expression vector
by GenScripts. For KIRIN1-GR, the Kbp sequence was synthesized by Integrated DNA
Technologies (IDT) as a double-stranded DNA fragment; DNA encoding Clover and mRuby?2 was
obtained from Addgene (plasmid #49089). For GINKOI1, the DNA sequence was synthesized by
Integrated DNA Technologies (IDT) as a double-stranded DNA fragment. DNA fragments were
PCR amplified using Phusion polymerase and then cloned into the pPBAD/His-B expression vector
(Thermo Fisher Scientific) using Gibson assembly (New England Biolabs). KIRIN1, KIRIN1-GR,
and GINKOI1 genes were PCR amplified, digested, and ligated into the mammalian expression
vector pcDNA3.1 (Thermo Fisher Scientific). pcDNA 3.1-NES-KIRIN1 was constructed by PCR
with the primer containing the nuclear exclusion signal (NES) encoding the sequence
(LALKLAGLDIGS). All constructs were verified by DNA sequencing.
In vitro characterization

The indicator proteins were expressed as His-tagged recombinant proteins in E. coli, with
an induction temperature of 30°C overnight. Bacteria were centrifuged at 10,000 rpm, 4°C for 10

min, resuspended in Tris-Cl buffer (20 mM Tris at pH 7.4), lysed using sonication, and then
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clarified at 14,000 rpm for 30 min. The protein was purified from the supernatant by Ni-NTA
affinity chromatography (McLab) according to the manufacturer’s instructions: supernatant was
loaded onto the column prepared with 2-4 mL Ni-NTA beads, washed with approximately with
15 mL wash buffer (50 mM Tris, 300 mM NaCl, 20 mM imidazole), and eluted with the elution
buffer (50 mM Tris, 300 mM NaCl, 300 mM imidazole). The eluted samples were buffer
exchanged using a PD-10 (GE Healthcare Life Sciences) desalting column to a K™ and Na" free
buffer according to the manufacturer’s instructions. For K* K4 determination, purified protein was
diluted into a series of buffers with K concentration ranging from 0 to 150 mM. The fluorescence
spectrum of the KIRINT in each solution (100 pL) was measured using a Tecan Safire2 microplate
reader with excitation at 410 nm and emission from 430 nm to 650 nm. The fluorescence spectrum
of the KIRIN1-GR in each solution (100 pL) was measured using a Biotek microplate reader with
excitation at 470 nm and emission from 490 nm to 700 nm. The fluorescence spectrum of the
GINKOL1 in each solution (100 pL) was measured using a Tecan Safire2 microplate reader. The
emission spectra were measured with fixed excitation at 460 nm; the excitation spectra were
measured with fixed emission at 540 nm. Titration experiments were performed in triplicate. The
FRET ratios for KIRIN1 and KIRINI-GR or excitation ratios for GINKO1 were plotted as a
function of K™ concentration. Data was analyzed using Graphpad Prism to obtain apparent K4 and
the apparent Hill coefficient. Stopped-flow kinetic measurements were performed on SX20
Stopped-Flow Reaction Analyzer (Applied Photophysics). For KIRIN1, the excitation wavelength
was 430 nm with 2 nm bandwidth and collected emitted light at 530 nm through a 10 mm path.
For GINKOI, the excitation wavelength for was 488 nm with 2 nm bandwidth and collected
emitted light at 520 nm through a 10 mm path. A total of 200 data points was collected over 5

replicates throughout the reaction and the fluorescence changes were examined for 250 ms.
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Reactions were initiated by mixing equal volumes of diluted purified protein in Tris buffer (100
mM, pH =7.50) and varying concentrations of KCI (2, 10, and 20 mM) at 20°C. Data was analyzed
with Graphpad Prism to obtain the observed rate constant Kops and determine rate constants of
association kon and dissociation kofr.
Live cell imaging

For mammalian cell line imaging, HeLLa or HEK293 cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Thermo
Fisher Scientific), Penicillin-Streptomycin (Thermo Fisher Scientific), and GlutaMAX (Thermo
Fisher Scientific) at 37°C with 5% COa.. Cells with 60-70% confluence on 35-mm glass-bottom
dishes (In Vitro Scientific) were transfected using Polyjet (SignaGen), Turbofect (Thermo Fisher
Scientific), or Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's
instructions. Cells were imaged 24 h after transfection. Immediately prior to imaging, medium was
replaced with 1 mL of 20 mM HEPES buffered HBSS (HHBSS). Cell imaging was performed
with a Zeiss Axiovert 200 microscope with a 40x objective. HeLa or HEK293 cell images were
processed using ImageJ.

For imaging of cultured dissociated neurons and (likely astrocytic) glial cells, dissociated
E18 Sprague Dawley cortical neurons were grown on 35-mm glass-bottom dishes (In Vitro
Scientific) containing NbActiv4d medium (BrainBits LLC) supplemented with 2% FBS and
Penicillin-Streptomycin (Thermo Fisher Scientific). Half of the culture medium was replaced
every 4-5 days. Neurons were transfected on day 8 using Lipofectamine 2000 (Thermo Fisher
Scientific), according to the manufacturer's instructions, with the following modifications. Briefly,
1-2 pg of plasmid DNA and 4 pL of Lipofectamine 2000 (Thermo Fisher Scientific) were added

to 100 pul of NbActive4 medium to make the transfection medium. Half of the neuron-glia culture
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medium was removed from each neuron dish and combined with an equal volume of fresh
NbActiv4 medium to make a 1:1 mixture and incubated at 37°C and 5% CO>. All dishes were
replenished with freshly conditioned (at 37°C and 5% CO2) NbActiv4 medium. Following the
addition of transfection medium, neurons and glial cells were incubated for 2—3 h. The medium
was then replaced using the conditioned 1:1 mixture medium. Cells were imaged 3672 h after
transfection. Fluorescence imaging was performed in HHBSS buffer using a Zeiss microscope
with a 40x objective or Olympus FV1000 microscope with a 20x objective. Neuron images were
processed using Olympus FluoView.

Statistical analysis

All data are expressed as mean + s.e.m. Sample sizes (n) are listed for each experiment.
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Chapter 3 Improved genetically-encodable green fluorescent

biosensors for imaging potassium ion

3.1 Abstract

Potassium ion (K) plays a central role in electrolyte homeostasis in all biological systems.
In mammals, it is particularly critical in activable cells such as neurons, heart cells, and muscle
cells. The ability to image potassium ion (K") dynamics is essential to understand the related
processes under normal or pathological cellular conditions. Genetically encoded fluorescent K*
biosensors, KIRIN1, GINKO1, and GEPII, were reported to be useful tools to monitor K™ dynamic
in live cells. In this paper, we present improved green fluorescent K* biosensors, GINKO2a and
GINKO2b, with enhanced sensitivity and specificity. We also tested GINKO2 with proof-of-

concept applications in multiple biological systems.

3.2 Introduction

Potassium ion (K") is one of the most abundant cations in biological systems. Its
involvement has been implicated in a variety of cellular activities in organisms expanding from
prokaryotes to multicellular eukaryotes®®*2%, Potassium ion is a target of interest for biomedical
research for its roles in the nervous?’’2%, the cardiovascular’®, and the immune systems?!%2!2,
Our ability to study K™ in biology is limited by the currently available detection tools. Applying
synthetic K* dyes, such as PBFI***, often involve multiple steps of loading and washing that can
introduce artifacts during an experiment. Electrode-based methods present good sensitivity and

215

selectivity, but lack through-put and subcellular level detection”">. Genetically encoded fluorescent

biosensors, as an alternative method, empower K* detection in subcellular level as well as in
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targeted cells of a tissue in real-time imaging, and allow the capture of K* concentration dynamics
with a spatiotemporal resolution and to better understand K* related cell activities'?%,

As a parallel example of powerful cation biosensors, the calcium ion (Ca®") biosensors,
such as GCaMP and GECO series***, have provided numerous opportunities in science. When
used in combination with other fluorescent probes!' or electrophysiology®’, it enables major
advances in biological studies, especially the field of neuroscience where Ca?" plays a central role
in indicating neuronal activities. Considering the research achievement facilitated by state-of-the-

4:30 we foresee that imaging K* can become more practical with a more robust

art Ca?’ indicators
K" biosensor in studies across multiple biological disciplines including, but not limited to
neuroscience.

In our recent work of K* biosensors, we demonstrated that both the FRET-based KIRIN1
and the GFP-based GINKOI1 are effective tools for intracellular K* detection!. GINKOI is
especially of interest due to its single colour that better facilitates multiplex imaging. The biosensor
has a Fmax/Fmin of 2.5 and a stronger affinity to K" (K¢ = 0.42 + 0.03 mM) than Na" (Kq = 153 +
8 mM). In this work, we combined structure-guided engineering and directed evolution to optimize

GINKOLI to achieve greater sensitivity and specificity. We apply the second-generation variants,

GINKO2a and GINKO?2b, in a variety of biological systems to show their advantages.

3.3 Results

3.3.1 The X-ray crystal structure of GINKO1
Protein structures provide valuable information for sensor optimization*®.To pinpoint key
sites for improvement, Dr. Yurong Wen, our X-ray crystallographer collaborator, solved the

structure of GINKO1 at a resolution of 1.85 A with X-ray crystallography (Fig. 3.1¢). The Kbp
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region of GINKO1 aligns well with the Kbp NMR solution structure solved previously by Ashraf
et. al’*. Interestingly, Ashraf and coworkers had to switch to the NMR due to failed crystal growth
for X-ray crystallography, while we managed to obtain crystals of GINKOI1 in the buffer

supplemented with 150 mM K" as illustrated in Fig. 3.1b. It suggested that fusing Kbp to EGFP

may have increased the stability of Kbp protein.
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Figure 3.1. Solving the crystal structure of GINKO1.

(a) Size exclusion chromatography was used to confirm monomeric GINKO (b) the image of
crystals of GINKO in TBS supplemented with 150 mM KCI (c) The X-ray diffraction pattern of
GINKO1 (d) the crystal structure of GINKO1. Domains of GINKO is colour-coded: cyan for BON
domain, yellow for LysM domain, and green for EGFP (e) The validation of the GINKO crystal
structure represented by a polygon. The six axes are the clash score, RMSD (angles), R-free,

RMSD (bonds), average B, and R-work. The red numbers indicate the ranges of selected PBD
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entries with a similar resolution, the black numbers indicate the values for the GINKO1 structure,

which are also represented by the polygon outlined in black.

Our X-ray crystal structure is the first of such to identify the location of K* binding site of
Kbp that was missing in the previous NMR structure®. The K* binding site is in the BON domain
and close to the interface of BON and Lys domains. The location of K* binding site is consistent
with the previous work by Ashraf and coworkers in which the BON domain of Kbp was identified
as the K' binding domain and the binding affinity is increased by the presence of LysM domain
according to the isothermal calorimetry results®*. In the GINKOI crystal structure, all six binding
residues (Vall54, Lys155, Alal57, Gly222, 1le224, and I1e227) are from BON domains and they
coordinate the K" ion through their backbone carbonyl oxygens, similar to the K* coordination
modes of K" channels which usually adopt octahedral carbonyl coordination instead (Fig. 3.2a).
The binding pocket is further stabilized by a network of hydrogen bonds through the surrounding
residues as well as two water molecules included in the crystal structure (Fig. 3.2b). One of the
water molecules is 3.08 A away from the K* ion, which suggests it may also be directly involved

in K* coordination.

Figure 3.2. K* binding site of Kbp was first solved in this work.
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The residues from the BON domain is coloured cyan and the ones from the LysM domain is
coloured yellow. Potassium ion is represented by a green sphere. (a) The potassium ion is
coordinated by carbonyl backbones of six residue shown in sticks with grey carbons (b) The
binding pocket is stabilized by a network of hydrogen bonds by surrounding residues and water

molecules.

3.3.2 The structure-guided optimization of GINKO1

To look at potential sites for optimization, we aligned the structure of GINKO1 with that
of GCaMP6 (Fig. 3.3a2)*®>. GINKO1 E295 aligns well with GCaMP6 R376 (Fig. 3.3b). Both
residues are located at the interface of the binding domain and EGFP; and in proximity to the
chromophore of EGFP. The residue on this location may be able to alter the sensitivity and
brightness of the biosensor by influencing the chromophore environment. We hypothesized that
the basic residues at this site can stabilize the anionic form, which is also the brighter state, of the
chromophore through the electrostatic interaction. To further explore E295, site-directed
mutagenesis was performed to obtain oppositely charged variants E295R and E295K, as well as
hydrophobic variants E295W, E295Y, E295P, E295L, and E295F. Characterization of these
variants showed that bulky hydrophobic residues like tyrosine and phenylalanine perform better
with a dynamic range of 2.9 and 3.0, respectively (Fig. 3.3¢). E295F was named GINKO1.1 for
further improvement (Fig. 3.5b). Interestingly, substituting acidic glutamic acid at residue 295
with a basic residue, arginine or lysine, led to variants with only about 60% and 80% of signal

change of GINKOI, respectively (Fig. 3.3¢).
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Figure 3.3. Structure-based GINKO optimization.

(a) Crystal structure of GINKO1 and GCaMP6m. Both structures contain a EGFP barrel (green)
and a binding domain. (b) Alignment of R376 (magenta sticks) of GCaMP6ém (PDB: 3WLC) to
E295 (yellow sticks) of GINKO1. GINKO1 is represented by green ribbons and GCaMP6m is
represented by blue ribbons. They both point towards the chromophore of the EGFP (in white
sphere). (c) Comparison of E295 variants. The bulky hydrophobic residues Y and F lead to a

better fold change.

Another observation of the K'™-bound GINKOI1 structure is that the linker regions
connecting Kbp to EGFP creates grooves that are exposed to the aqueous environment (Fig. 3.4).
We speculate that a bulky hydrophobic residue at residue 295 fills the grooves and stabilizes the

K" bound state of GINKO1, leading to a better dynamic range.
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Figure 3.4. The surface representation for GINKO1 shows big grooves in the linker regions.

To rationally improve the linkage between EGFP and Kbp, we randomized the linker

regions to screen for better-responding variants. There were no better variants generated by
randomizing the first linker LPDG. The second linker library yielded a variant with a linker
sequence AAN, which has a 30% improvement in the dynamic range (Fig. 3.5¢).

3.3.3 Directed evolution of GINKO generated a biosensor with high dynamic range

We then continued optimization with directed evolution in E. coli (Fig. 3.5d). We

generated libraries with random mutations and picked variants with fluorescence intensity that
ranges from medium to high from libraries, as E. coli cells have a high intracellular K*
concentration. We extracted the protein through physical freeze and thaw because detergents in

the chemical lysis buffer were found to compromise the function of the K* biosensor in lysate. We
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obtained substantial improvement in dynamic range after 4 rounds of screening, and such
improvement plateaued in Rounds 9 and 10 (Fig. 3.5e). Finally, we identified two best variants

with improved dynamic range and named them GINKO2a and GINKO2b.

a GINKO1 b GINKO1.1 (E295 randomization) ¢ GINKO1.2 (linker optimization)
Residue 143-152 Residue 293-301
e v N(EalclL F N PEIRaN v ) EYNERICLF NI PFIRN v v EfrocEl  IGAANI
GFP kbp GFP GFP kbp GFP GFP kbp GFP
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Figure 3.5. Linker optimization and directed evolution.

Sequences of linker regions of (a) GINKO1, (b) GINKO1.1, and (¢) GINKO1.2. (d) The
optimization on GINKO was performed with directed evolution. The procedure includes error-
prone PCR, selecting colonies on plates, and further screening with cell lysate samples. (e)
Maximum fold changes of picked variants (~5 per round) after lysate assays show improvement
during the rounds of directed evolution. The variants selected for characterization and applications

are circled in red.

3.3.4 In vitro characterization of GINKO?2 variants showed better dynamic range and specificity

Measurements of quantum yield and extinction coefficient of GINKO variants in K* free
buffer and the buffer containing 150 mM KCI allowed us to calculate the molecular brightness of
the variants in both K™ free and K™ saturated states. In K" unbound state, GINKO2a and GINKO2b

have a low brightness of 1.0 mM'cm™ and 1.3 mMem!, respectively, in comparison to that of
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GINKOI1 (4.4 mM'em™)!. In K* bound state, GINKO2a and GINKO2b have a much higher
brightness value of 15.5 mM'ecm™ and 11.0 mM'ecm™!, respectively, whereas the brightness of
GINKO1 is 8.5 mMem™ (Ref. 1). The results suggested that a brighter ligand bound state and a
dimmer unbound state both contribute to a greater dynamic range.

Titrations on purified GINKO2a and 2b with K™ showed consistent results to the brightness
measurements in terms of dynamic range and provided more information regarding the ligand
affinity and hill coefficient. GINKO2a has a larger dynamic range than GINKO2b (Fig. 3.6a and
Fig. 3.7a). In terms of affinity, the Kq value of GINKO2b is 9.3 mM for K", which is smaller than

Kqof GINKO2a (15.3 mM); but both are larger than K¢ of GINKO1 which was previously reported

1
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Figure 3.6. Characterization of the second generation GINKOs.

(a) K" and Na" titration of GINKO2a and GINKO1 (b) Kinetics of GINKO2a (c) Specificity test with

cations. (d) Emission spectra and (e) excitation spectra of GINKO with high (solid line) and low

(dash line) K* concentration. (f) pH titration of GINKO2a and 2b ranges from pH 5 to 10.
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Figure 3.7. Titration curves and spectra for GINKO2a and GINKO2b.
(a) K* and Na* titration curves of GINKO2b (b) Emission spectra of GINKO2a at different

concentrations of K* (¢) Emission spectra of GINKO2b at different concentrations of K*.
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Figure 3.8. Kinetics for GINKO2a and 2b.
The fluorescence reading of GINKO2a to different concentration of K* in the first 10 s (a) and 0.4
s (b) of the reaction. The fluorescence reading of GINKO2b to different concentration of K* in the

first 10 s (c) and 0.4 s (d) of the reaction. (e) kon and ko of GINKO2b.
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As sodium sensitivity was one of the major concerns for GINKO1, we performed a NaCl
titration with the new biosensors. The results were surprisingly satisfactory that GINKO2a and 2b
do not respond Na" of concentrations up to 150 mM (Fig. 3.6a and Fig. 3.7a).

The excitation and emission spectra of the GINKO?2 variants were obtained at K™ rich and
K" free environments. With excitation wavelength fixed at 465 nm, the emission spectra show an
intensiometric increase of about 15-fold change for GINKO2a and peak around 515 nm (Fig. 3.6d).
The excitation spectra displayed ratiometric change: the anionic form (B band, peak at 500 nm)
dominates in K* bound form and the protonated form (A band, peak at 400 nm) dominates in K"
unbound form (Fig. 3.6e). This allows ratiometric imaging in situations where ratiometric
measurement is more suitable (i.e., growing bacterial culture with continuous biosensor
production). We also noticed the minor peak shift for B band: it peaks at 510 nm in absence of K*
and 500 nm in presence of K'(Fig. 3.6e).

We measured the kinetics of the biosensors with stopped-flow measurements. GINKO2a
has a kon 0£29.5 £2.3 M'!s™! and kofr of 7.6 £ 0.2 57! (Fig. 3.6b). GINKO2b has a slightly larger kon
of 70.4 = 1.8 M!'s! and similar kofr of 7.7 £ 0.1 s™! (Fig. 3.8e). In comparison to GINKO1 whose
konis 9.32 + 0.25 mM ' s7! and kofris 85.9 + 1.6 5!, the new variants have smaller kon and kofr'.
Although slower, GINKO2a and 2b still bind to and dissociate from K" fast enough for most
imaging experiments.

To test whether the new biosensors would respond to cations beside K™ and Na“, we tested
them with ZnCl,, MgCl,, CaCl,, BaCl,, CsCl, RbCl, LiCl, and NH4CIl. GINKO2a and 2b are
unresponsive to most cations except for Rb* (Fig. 3.6¢). However, substantial concentrations of

Rb" are not normally present in biological systems, though it is often used as a substitute of K* in
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experimental settings?®®. The specificity test suggested that the biosensors can be applied in cells
without concerns of unspecific binding to other cations in the environment.

Fluorescent protein-based biosensors are often pH sensitive thus limiting their applicability.
We performed a pH titration to examine our biosensors. The results suggested GINKO2a and 2b
are both very sensitive to pH with a pK. of 6.8 (Fig. 3.6f). This will unavoidably bring
complications to the application of the biosensors in cases where pH fluctuates, thus need to be
addressed. Therefore, we constructed a pHuji-GINKO2a fusion to measure K™ and pH changes
simultaneously. Alternatively, approaches to reduce the pH sensitivity of GINKO2 at the
physiological pH, such as engineering GINKO with less pH-sensitive FP or optimizing GINKO to

achieve a different pKa, may provide a better GINKO in the future.
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Figure 3.9. Excitation spectra of pH titrations of GINKO2a and GINKO2b.
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The spectra for GINKO2a (a) and 2b (c) in absence of K* show minor increase in the intensity at
both 400 nm and 510 nm. The spectra for GINKO2a (b) and 2b (d) in presence of 150 mM K*

show an increasing 500 nm peak as pH increases.
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Figure 3.10. K* and pH titrations for pHuji-GINKO2a.
The pH titrations of GINKO2a at different concentrations of K* are represented as emission
intensity (a) and excitation ratio of 490 nm over 390 nm (b). (c) The pH titrations of pHuji at

different concentrations of K*.
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Figure 3.11. Spectral information of GINKO2a/b extracted from HelLa cells.
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Intracellular GINKO2a and 2b expressed by HelLa was extracted to determine its (a) emission

spectra and (b) excitation spectra.

3.3.5 Testing GINKO2a and 2b in HeLa cells
To test the new variants in a mammalian system, we expressed them in HeLa cells.

Extracted protein shows similar excitation and emission spectra to those of the protein samples

from E. coli (Fig. 3.11).
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Figure 3.12. In situ K" titration with digitonin-permeabilized HeLa cells.
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(a) GINKO1 is sensitive to a K* concentration less than 50 mM. GINKO2a (b) and 2b (c) are both
sensitive in the range up to 100 mM. (d) Calibration curve based on titration results. GINKO1

calibration curve from 0.1 to 50 mM K* was shown in the inset.

We performed K titrations on HeLa cells expressing GINKO1, GINKO2a, or GINKO2b.
We permeabilized the cells with digitonin prior to perfusing with different concentrations of K*
ranging from 0.4 mM to 100 mM. The response of GINKO variants in these permeabilized cells
well aligns with the results from purified proteins. GINKO2a and GINKO?2b are sensitive in the
range of 5-100 mM K", while GINKOI1 is more sensitive in a lower range under 50 mM K" (Fig.
3.12a—-d).

3.3.6 Applications of GINKO2a in E. coli
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Figure 3.13. Testing the effect of K* concentration in the growth medium on E. coli

intracellular K*.
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(a) Excitation ratio of 470 nm/390 nm of GINKO variants in E. coli growing in medium
supplemented with 20 M (solid symbols) or 800 uM (empty symbols) KCI at pH 7. (b)The ratio
of excitation ratio at ODsgonm 0.19 to that at ODeoonm 0.04. (c) Excitation ratio (470 nm to 390 nm)
curve of purified pHuji-GINKO2a at pH 7 (d) The change in K* concentration can be estimated
with the curve in (c). The intracellular K* drops from 100 mM to 25 mM when E. coli grows from

ODsoonm from 0.04 to over 0.2.

K" is important for the growth of E. coli and deficiency in K' resulted in slower
growth?®”268 - Although the extracellular K™ in the growth medium can be easily controlled,
monitoring the intracellular K* is challenging until GINKOs. Because the growing E. coli shows
increasing fluorescence as the number of cells increases, the excitation ratio becomes a better
parameter for K" measurement. The excitation ratio was measured for E. coli transformed with
GINKO1, GINKO2a, pHuji-GINKO2a, pHluorin, and EGFP in minimal medium with K"
concentration of 20 or 800 uM (Fig. 3.13a). pHluorin and EGFP are the controls and the flat lines
suggest that the density of E. coli does not interfere with GFP excitation ratio and pH value does
not change. Monitoring cells expressing GINKO1, GINKO2a, or pHuji-GINKO2a, we found the
excitation ratio stays relatively stable for cells growing in 800 pM K*, while it decreases for E.
coli growing in 20 uM K™, Fig. 3.13b shows the ratio of the excitation ratio of sample at ODs0onm
0.19 to that at ODgoonm 0.04. The ratio is about 0.59, 0.54, and 0.44 for E. coli expressing GINKOI,
GINKO2a, and pHuji-GINKO2a, respectively. An in vitro titration was performed on purified
pHuji-GINKO2a in Fig, 3.13¢ to estimate the K* concentration. The dynamic range of excitation
ratio of 470 nm to 390 nm is ~20x (ratio is 2.04 at 150 mM K™; ratio is 0.10 at 0.001 mM K*) (Fig.
3.13c¢). The estimated intracellular K* concentration over the growth period is plotted in Fig. 3.13d.

The results indicate that the intracellular K* concentration starts around 100 mM and is reduced in
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growing cells to 28 mM at Ogoonm of 0.22 in medium containing 20 uM K™ and to approximate 80
mM in medium containing 800 uM K*. This suggests that E. coli growing in a K'-depleted
environment are capable of transporting K into the cells against the concentration gradient, but
the K™ transport efficiency decreases when cells are competing with increasing number of cells in

the surrounding.

3.4 Discussion

3.4.1 Mutations generated by the directed evolution

In this work, we developed improved GINKO1-based potassium biosensors, GINKO2a
and GINKO2b, with better sensitivity and specificity. GINKO2 variants were generated through
rational designs based on the newly obtained GINKOI crystal structure and linker optimizations,
as well as random mutagenesis approach with directed evolution. Rational approaches provided
some but limited improvement. On the other hand, directed evolution was demonstrated to be a
much more powerful method that generated a better K™ biosensor GINKO2a with approximately
15-fold change from GINKO1.2.

There are 8 amino acid changes accumulated in GINKO2b and 14 in GINKO2a. A few
mutations were at important sites of the crystal structure. K356R, for example, is the only mutation
in GINKO1.7 that is absent in its template GINKO1.6 (Fig. 3.14a). This mutation, located at the
interface of the Kbp and GFP, was able to double the dynamic range. It was suggested previously
that arginine offers more stability than lysine due to its geometry, as its side chain can point to
three different directions®®. It is possible that K356R allows the K*- bound GINKO to be more
stable, which may subsequently improve the dynamic range. Another case is mutations on a pair
of lysines facing each other: K259N and K102E on Kbp and GFP, respectively (Fig. 3.14b). They

first appeared in two different variants in GINKO1.5 library and provided small improvement.
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When using both variants as templates to generate GINKO1.6 library of a 5000—10,000 colonies,
K259N and K102E were simultaneously incorporated in the selected GINKO1.6.15 variant, which
provided an improvement of dynamic range from ~3.5 to 4.5. The double mutations remove the
repulsive force and provide a new hydrogen bond to stabilize the interaction between Kbp and
GFP. All the mutations mentioned above can be rationally explained for their observed functional

importance by examining their positions on the crystal structure.

Figure 3.14. Selected mutations generated by directed evolution shown in the GINKO1

structure.

The original residue is shown in purple (a) K356 is in proximity to D148 to form electrostatic
interaction. The two carboxyl oxygens of D148 side chain are 4.91A and 6.54A away from the
amine nitrogen of K356. The distances of these two oxygens to the closest guanidine nitrogen of
R356 are 4.19 A and 5.82 A. (b) K102 and K259 are 10.16 A (measured with side chain amino
nitrogens) apart on the GINKO1 structure and the pair of mutations may possibly bring the two

side closer.

On the other hand, we find it difficult to explain the importance of most mutations in the
selected variants given their locations on the crystal structure. Noticeably, N183H on Kbp is the

only mutation in GINKO2b from its template. The residue side chain points toward the aqueous
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environment and does not have any structure implication to the potassium binding site or the GFP-
Kbp interaction. Yet, the improvement is visible. There are many other mutations on structurally
non-important sites: S31Y, 194T, K127E, Q307E, and K388M on GFP and T205A on Kbp. They
can possibly improve the protein folding for better stability. Some mutations may be non-relevant
to optimization: Y40N and F151S appeared in GINKO1.3 and were reversed in later generations,
indicating these mutations most likely does not contribute to the functional improvement.
3.4.2 In vitro performance of GINKO2a and GINKO2b indicates their advantages and
limitations

GINKO2a and GINKO2b display superior sensitivity and specificity. A dynamic range of
approximately 15 allows better detection than GINKO1. GINKO2a and 2b shows no sensitivity to
Na', which is a major improvement over GINKOI, especially when Na" is another abundant cation
in biology. The biosensors perform consistently when expressed intracellularly in E. coli and
mammalian cells. The application of GINKO2a in E. coli allows a kinetic tracing of intracellular
K" in K'-depleted environment. While E. coli grows in an environment with micromolar K*, they
were able to accumulate K™ in millimolar concentration. When E. coli cells are growing in 20 uM
K", the intracellular K drops substantially as mother cells shared their K with their daughter cells
in cell division?’® and K* uptake from the environment is insufficient to replenish K* stock. The
decrease of K™ for cells growing in 800 uM K is much less substantial, probably due to sufficient
uptake from the environment.

Although the new GINKO variants are more powerful than GINKOI1, there are some
limitations that need to be further addressed. One of the major limitations is their pH sensitivity.
The pK. of 6.8 is very close to physiological pH. Any fluctuation in pH during an experiment can

induce an unwanted signal change that can be confused with the change induced by K. The pHuji-
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GINKO fusion construct provided a way to co-measure pH and K* with dual-color imaging. Yet,
this method requires some additional calculations due to the complications raised by multiple
potential contributing factors to the green fluorescence signal: a pH change needs to be calculated
first based on the information from the red channel, with which the green fluorescence signal
change due to pH change can be estimated, and the discrepancy between this calculated number
and the observed fluorescence signal change attribute to a K™ change.

We also noticed an increased K4 of the new variants, which is a challenge for detection of
K" dynamics at low concentrations found in the mammalian extracellular fluid. A K4 of 9.3 mM
(GINKO2b) or 15.3 mM (GINKO?2a) is less ideal for detecting extracellular K, which is usually
around 5 mM in mammalian cells. We aim to engineer GINKO in the future to create better-affinity
GINKO in the future for the extracellular K™ detection.

While the Ky is suitable for intracellular K™ concentration, the number of applications is
limited in mammalian systems because physiological influx or efflux of K' in most cellular
activities are only a small fraction of the large basal level of intracellular K* concentration. Large
K" effluxes often lead to cell death. They were reported in NLRP3 inflammasome mediated

immune response®’!, cancer cell apoptosis?’?, and under drug influence®’> %7,

3.5 Conclusion

In this work, we report two improved genetically encoded green fluorescent potassium
biosensors GINKO2a and 2b based on previously reported GINKO1. The new K' indicators
displayed better sensitivity and specificity that open new avenues to applications in vitro, in situ,
and in E. coli. While GINKO2a and 2b are valuable tools for intracellular K detection, we hope
to further expand its applications with membrane displayed version for extracellular K*

measurement. So far, this remains a major challenge in further development of genetically encoded
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K" sensor. We have actively worked on this and the effort is detailed in the next chapter of this

thesis.

3.6 Methods

Crystallization and X-ray diffraction data collection

The His-tag affinity purified GINKO recombinant protein was further applied on the size
exclusion chromatography Superdex200 (GE Healthcare) column pre-equilibrated with 25mM
Tris pH 7.5, 150 mM KCI buffer. The main fractions of monodisperse protein were concentrated
to around 25 mg/mL for further crystallization trials.

Crystallization experiments were set up in sitting drop geometry with 0.5 pL of protein
sample with 0.5 pL of reservoir from commercially available screen kits at room temperature. This
led to the crystals growing in multiple hits, the final diffraction quality crystals were grown in
0.1 M MES pH 6.0, 20% PEG6000 after several round of crystallization optimization. For data
collection, the crystals were transferred to crystal stabilization buffer containing reservoir
supplemented with 10-15% PEG400 or Glycerol and flash frozen in liquid nitrogen. X-ray
diffraction data collection were collected at APS Synchrotron beamline and were initially
processed with beamline supplemented software package. The X-ray diffraction data was further
integrated and scaled with XDS suite?’®. The data collection details and statistics are summarized
in crystallographic Table 3.1.

Structure determination and refinement

The GINKO structure was determined with maximum-likelihood molecular replacement
program implemented in the Phaser program?’’, using the GFP (6GEL) and the potassium binding
domain protein structure (SFIM) as search model®*278, The linker and the potassium ions density

were observed after initial refinement, the missing residues manual model rebuilding and
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refinement were carried out with the COOT program and PHENIX suite?’®?%9, The GINKO
structure was solved at 1.85 A in P1 space group with the unit cell dimension a=46.8 A, b=49.3 A,
c=83.7 A and 0=89.96°, =89.97°, y= 80.95°. The final structure model was refined to a Ryor/Rjiece
value 0 0.1947/0.2252. The model contains two GINKO molecules each occupying one potassium
ion, and 892 water molecules in the asymmetric unit cell. The structure exhibited favorable
Ramachandran plot and demonstrated good stereochemistry. The detailed structure refinement
statistics are supplemented in crystallographic Table 3.1.
Plasmid construction and cloning

pBAD and pcDNA plasmid containing the gene encoding GINKO1 and KIRIN from our
previous work were used as the templates for this work. Xhol and HindlIII cutting sites were
previously designed at the two ends of the gene for cloning. FastDigest restriction enzymes
(Thermo Fisher Scientific), T4 DNA ligase (Thermo Fisher Scientific), Gibson assembly mix
(made in the lab) were used to clone the genes to pPBAD, pcDNA, pUAST, and pCAG vectors.
Gene fragments and primers for this work were ordered from integrated DNA technology (IDT).
Linker optimizations and directed evolution

Manipulations of the linker residues were achieved with Quikchange lightning kit (Agilent).
The linker residues were randomized with multiple NNKSs at the linker regions. The Quikchange
reaction and subsequent Dpnl digestion were performed as described in the manufacturer’s manual.

Directed evolution was performed using Taq polymerase with standard buffer from New
England Biology (NEB). We followed the manufacturer’s instruction with imbalanced dNTP (0.2
mM dATP, 0.2 mM dTTP, 1 mM dGTP, and 1 mM dCTP for the final concentrations) and
modifications of MnCl, and MgCl> concentrations. We added 5.5 mM (final concentration) MgCl,

in addition to 1.5 mM MgCl: in supplier’s standard reaction buffer. MnCl> were added to a final
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concentration of 0.15 mM and 0.30 mM to generate libraries with low-frequency and high-
frequency mutations, respectively. 2% (v/v) DMSO was added to stabilize the unmatched
nucleotide pairs during the synthesis of the gene.

The PCR products were then purified on a 1% agarose gel and digested with Xhol and
HindIII (Thermo Scientific FastDigest) to create the sticky ends. They were ligated with pBAD
backbone vector cut with the same pair of restriction enzymes using T4 DNA ligase (Thermo
Scientific).

Screening

The transformation of the Quikchange products or ligation products was performed with
electrocompetent DH10B (Invitrogen). We have about 5,000—10,000 colonies for each library. We
pick 40-80 colonies with bright to medium fluorescence and inoculate them at 37°C overnight.
They were pelleted down, resuspended in 200 pL of 10 mM HEPES buffer, and lysed by four
cycles of freeze and thaw by liquid nitrogen and 42°C water bath, respectively. We centrifuged
the lysates for 5 min and transferred 100 pL supernatant of each sample to a 96-well plate. The
fluorescence response was read by a Tecan Safire2 microplate reader with excitation at 465 nm.
We then add 10 pL of 1 M KClI into each well and repeat the measurements with the same
parameters. The fold changes of sample fluorescence were calculated, and the winners were picked
for further validation with another round of screening with triplicate samples for each variant, as
well as a K titration to verify the fold change and examine the K4. The winner(s) was subject to
the next round of optimization.

Culture growth and protein preparation
We picked a colony from an agar plate with E. coli DH10B transformed with pBAD

GINKO variants to a growth vessel containing 200 — 500 mL of LB supplemented with 100 pg/mL
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ampicillin and 0.02% (w/v) L-(+)-arabinose. The cells were inoculated at a speed of 200 rpm at
37°C for 16-20 hours.

GINKO variants expressed in E. coli DH10B were purified as previously described®®!. The
cells were pelleted down by centrifugation at 6000 rpm for 10 minutes and lysed by sonication.
The protein was purified through affinity chromatography with Ni-NTA beads. The beads were
then washed with the wash buffer containing 20 mM imidazole and GINKO was eluted from the
beads with the elution buffer containing 500 mM imidazole. The eluent was then subject to buffer
exchange to 10 mM HEPES at pH 7.4 by PD-10 columns (GE Healthcare Life Sciences) following
the manufacturer’s instruction.

Titrations and Characterization

The purified GINKO variants were titrated with K™ and Na" to determine the dynamic
range, the fold change, as well as the affinity. The buffers were prepared in 10 mM HEPES at pH
7.4 with addition of 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, and 150 mM KClI or NaCl.
The buffers for specificity test were also prepared in 10 mM HEPES at pH 7.4. pH titrations were
performed with 10 mM HEPES buffers at pH 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10 with no K*
presence or addition of 150 mM KCI. The pH of the buffers was adjusted with NaOH or HCI. The
measurements were performed in a Tecan Safire2 microplate reader. The excitation wavelength
was set at 460 nm for the emission scan from 485 to 650 nm and the emission wavelength was set
at 540 nm for the excitation scan from 350 to 515 nm.

The quantum yield and extinction coefficient were determined to quantify the brightness
of GINKO variants as described previously®®!. GINKO variants were measured in 150 mM KCI
or K'-and-Na" free buffer with 10 mM HEPES at pH 7.4. To determine extinction coefficients,

Backman Coulter DU 800 spectrophotometer was used to measure the absorbance and quantify
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the chromophores in the sample with addition of 0.5 M NaOH. The quantum yield was determined
with GINKOI as the standard. Fluorescence was measured with the Tecan Safire2 microplate
reader.

Transfection in mammalian cells and imaging

HeLa cells were cultured in the complete medium, Dulbecco's Modified Eagle Medium
(DMEM) from Gibco supplemented with 10% fetal bovine serum from Gibco and 200 U/mL
penicillin-streptomycin solution from Thermo-Fisher Scientific.

The HeLa cells were transfected with pcDNA GINKO variants by TurboFect transfection
reagent (Thermo Scientific) as instructed by the manufacturer when they reach 50 — 70%
confluency on a 35 mm imaging dish (In Vitro Scientific). The cells were ready for imaging after
18—24-hour incubation. GINKO imaging was performed with a Zeiss Axiovert 200 microscope
with a 40x objective. Molecular Devices MetaMorph and ImageJ were used for image acquisition
and processing, respectively.

In situ titration with permeabilized HeLa cells

The transfected cells were first treated with 10 nM digitonin for about 15 min in the
imaging buffer containing (in mM): 120 NaCl, 1.5 CaClz, 1.5 MgS0Os, 1.25 NaH2PO4, 26 NaHCO3
and 10 D-Glucose (pH adjusted to 7.4). The cells were then imaged on an upright FV1000 confocal
microscope equipped with FluoView software and a 20x XLUMPIlanF1 water immersion objective
(NA 1.0) with a flow rate of 10 mL/min using a peristaltic pump (Watson-Marlow). The cells were
excited with a 488-nm laser and emissions were collected in the channel from 500 to 520 nm. The
perfusion buffer was made in different K" concentrations (in mM) with imaging buffers: 0.1, 0.5,
2,5,10, 20, 50, and 100. N-methyl-D-glucamine (NMDG) was supplemented to make a 100 mM

combined final concentration with K*.
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Kinetics measurements by stopped flow

Rapid kinetic measurements of GINKO2a/b interaction with K" were made using an
Applied Photophysics SX20 Stopped-Flow Reaction Analyzer using fluorescence detection. The
dead time of the instrument was 1.1 ms. The excitation wavelength used was 488 nm with 2 nm
bandwidth and emitted light was collected at 520 nm through a 10 mm path. A total of 1000 data
points were collected over three replicates at increments of 0.01 s for 10 seconds. Reactions were
initiated by mixing equal volumes of diluted protein of GINKO2a and GINKO2b in Tris HCI1
100 mM pH 7.20 and varying concentrations of KCl (20, 40, 60, 80, 100, 120 mM) at 20°C. Tris
HCI1 100 mM buffer was used as a blank. Graphpad Prism was used to fit the increase in
fluorescence intensity observed over time to a single exponential function. The kobs determined
from this fit is the rate constant for dissociation of K™ with units of s™.. The slope of kobs and K*
concentration was used to determine the kon rate (in the units of s"M') and the y-intercept of the
plot is used to determine is the ko rate (in the units of s).
E. coli growth in K* depleted environment

Cells were grown in a minimal medium with 20 mM NaH;PO4, 60 mM Na,HPO4, 10 mM
NaCl, 10 mM NH4Cl, 0.5 mM Na>SOs, 0.4% arabinose and micronutrients?®?. KCI was added as
800 uM or 20 puM as specified. Ampicillin was added to LB cultures at 100 pg/mL and in minimal
medium cultures at 20 pg/mL.

Cells were picked from single colonies from LB agar plates and cultured in LB medium
for 35 hours at 37°C in a water bath shaker at 240 rpm. Cells were then diluted 1000 times into
arabinose minimal medium (800 uM KCIl) and grown at 37°C in a water bath shaker at 240 rpm

overnight. Cells were washed once in minimal media with the same potassium concentration as
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the final condition and diluted 500x into 96 well plates with 200 pL of arabinose minimal media
in each well (20 or 800 uM KClI).

The 96-well plates were incubated at 37°C in a Tecan Spark Plate reader. Every 7 minutes
a loop would run with the following actions. First, the plate was shaken for 200 seconds on “Orbital”
mode with amplitude 4.5 mm and 132 rpm. Then optical density was measured at 600 nm.
Fluorescence was measured at two wavelength settings: excitation of 390 nm, emission 520 nm
(Ex390) and excitation 470 nm, emission 520 nm (Ex470).

Background florescence was subtracted from wild-type NCM3722 control matched by
binning into the nearest 0.01 of OD and averaging florescence.
Data Analysis

Microsoft Excel was used for data analyses of GINKO characterization and titrations.
Graphpad Prism was used to create figures. The data are represented as mean =+ s.d., except for the

permeabilized HeL a titration, which are represented as mean + s.e.m.
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Table 3.1. X-ray data collection and refinement statistics.

Crystal \ GINKO1
Data collection

Spacegroup P1
a,b,c(A) 46.8,49.3, 83.7
a, B,y (°) 89.96, 89.97, 80.95
Resolution (A) 42.08-1.85 (1.92-1.85)
Rimerge 0.080 (0.834)
Rmeas 0.109 (1.13)
Multiplicity 1.9 (1.9)
CC(1/2) 0.993 (0.591)
CC* 0.998 (0.862)
I/o(I) 6.3 (1.1)
Completeness (%) 93.53 (81.64)
Wilson B-factor (A?) 16.71
Refinement

Total Reflections 108186 (11513)
Unique Reflections 56403 (5152)
Rwork/Rfree 0.1947/0.2252
Number of atoms:

Protein 5765
Ligands 46
Water 892
Average B-factor (A?) 25.54
Protein ADP (A?) 24.78
Ligands (A?) 10.71
Water 31.24
Ramachandran plot:

Favored/Allowed (%) ‘ 96.8/3.0
Root-Mean-Square-Deviation:

Bond lengths (A) 0.008
Bond Angles (°) 1.25
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Table 3.2. Mutations accumulated during directed evolution.

The mutations appeared in the template are in black and the new mutations are in red. The
variants in bold were used as templates for the next round of directed evolution. The selected
variants in Library 1.4 failed to yield better variants than GINKO1 3 10 and were mixed as templates
for Library 1.5. Similarly, the mix of GINKO1.5 variants was used as the template mix to generate

Library 1.6.

'VariantMutations

1 INA

1.2 E295F, E296A, L297A, E298N

1.3.10 |Y40N, F1518S, E295F, E296A, L297A, E298N

1.3.11 [Q211L, E295F, E296A, L.297A, E298N

1.3.25 |K235E, E295F, E296A, L297A, E298N

1.5.6 [Y40N, F151S, N152D, E295F, E296A, 1L297A, E298N

1.5.20 [Y40N, F151S, K171E, V204L, E295F, E296A, L297A, E298N

1.5.21 [Y40N, F151S, G167C, K201R, V261A, A265D, E295F, E296A, L297A, E298N,
IN299Y

1.5.36 [Y40N, F151S, T205A, K259N, E295F, E296A, L297A, E298N

1.5.38 [K102E, K201R, K235E, E295F, E296A, L297A, E298N, F373Y

1.5.41 [Y40N, F1518S, K284R, E295F, E296A, L.297A, E298N

1.6.7 |[Y40N, F151S, V154A, T205A, K259N, E295F, E296A, L297A, E298N

1.6.8 |K102E, D130N, I1187F, K201R, K235E, E295F, E296A, 1L297A, E298N,F373Y

1.6.15 [S31Y, K102E, T205A, K259N, E295F, E296A, L297A, E298N

1.6.40 [V2A, Y40N, D130G, F151S, N152D, E295F, E296A, L.297A, E298N, E385V

1.7.7 [S31Y, K102E, T205A, K259N, E295F, E296A, L297A, E298N, K356R

1.7.8  |S31Y, K102E, N194D, T205A, K259N, E295F, E296A, L297A, E298N

1.9.8 [S31Y, 194T, K102E, T205A, N266D, K259N, E295F, E296A, L.297A, E298N, K356R
1.9.13 |S31Y, K102E, T205A, K259N, E295F, E296A, L.297A, E298N, K356R, M383R
1.9.15 [S31Y, K102E, D173V, Q174L, T205A, K259N, E295F, E296A, L297A, E298N,
K3030Q, K356R

1.9.20 |S31Y, K102E, N183H,T205A, K259N, E295F, E296A, L297A, E298N, K312R,
K356R

2.0.17 S31Y, 194T, K102E, T205A, T241A, N266D, K259N, E295F, E296A, L297A, E298N,
K356R

2.0.29 [S31Y, 194T, K102E, N183H, T205A, N266D, K259N, E295F, E296A, 1L.297A, E298N,
K356R

2.1.5 [S31Y, 194T, K102E, K127E, N183H, T205A, N266D, K259N, E295Y, E296A, L297A,
E298N, K356R

2.2.25 [S31Y, 194T, K102E, K127E, N183H, Q179R, 1197V, T205A, N266D, K259N, E295Y,
E296A, L297A, E298N, Q307E, K356R, K388M
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Table 3.3 Summary of GINKO in vitro characterization.

The extinction coefficient and the quantum yield of GINKO variants were measured to determine

the brightness of GINKO variants in both apo- and K*-bound states. The apparent Ky and nu

values of GINKO2a and 2b were determined by K" titrations. kon and ko« were determined by

stopped flow. pK. values were determined by pH titrations. The values of Ku, nH, Kon, Kot fOr

GINKO1 were from Shen et al (2019)".

brightness

[K'T | eM! S kon (mM! N
Name (mM) | em™) [0) (ml\/{) cm K¢ (mM) Ny &) kofr (s71) pKa
0 10461 | 0.42 4.35
GINKO1 042+0.03 | 1.05+0.03 | 932+0.25 | 859+1.6 NA
150 20744 | 0.41 8.45
0 3740 | 0.25 0.95 7.58 £0.14
GINKO2a 153+1.1 | 091+0.04 | 29.52+2.28 | 7.60£0.18
150 36880 | 0.42 15.46 6.83 £0.02
0 4534 | 0.29 1.31 7.49 +£0.14
GINKO2b 93+0.6 1.02+0.06 | 70.38 £ 1.75 | 7.67 £0.01
150 35595 | 0.31 11.00 6.87 £0.01
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Chapter 4 Engineering cell surface targeted K* biosensors

4.1 Introduction

In Chapter 2 and 3, I described the engineering of genetically encoded K* indicators,
KIRIN1, GINKO1, GINKO2a, and GINKO2b, for intracellular K* imaging'. To further expand
the utility of genetically encoded K" indicators, we aim to target GINKO to the cellular surface for
extracellular K" imaging. This can open new avenues to many K related applications in
mammalian system because of the implications of extracellular K" concentration in medical
conditions such as epilepsy?®* and kidney failure’®. In the nervous system, extracellular K* is an
important electrolyte for action potentials during which a large K* efflux follows a Na* influx?®>.
An extracellular targeted GINKO can be an important tool to capture the transient change of K*
before the excess extracellular K* is re-uptaken by the neurons or absorbed by surrounding glia

cells?®*

. When displayed on the extracellular side of the membrane through a protein- or lipid-
based membrane anchoring domain, GINKO can bind to extracellular K" and show fluorescence
change that reflects K" dynamics.

Targeting genetically encoded tools to the extracellular membrane can be quite challenging
as demonstrated by channel rhodopsin-based optogenetic tools*®>. The possibly post-translational
modification of the E. coli originated K binding domain Kbp added another layer of uncertainty?®3¢.
Despite the challenges, we foresee the potential impact of membrane anchored GINKO and here

we describe the effort toward targeting a functional GINKO to the extracellular membrane and

fine-tuning the affinity to better fit the extracellular K™ concentration.
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4.2 Results

4.2.1 Targeting GINKO to the extracellular membrane with frizzled protein receptor 7 (Fzd7)
leader peptide

The first challenge was to find an effective leader peptide and a membrane anchoring
domain to facilitate GINKO secretion and anchoring to the membrane. We first tried pDisplay
vector, a commercially available vector that has successfully displayed most fluorescent proteins
on the mammalian cell membrane. The vector contains the IgK leader peptide for protein secretion
and platelet derived growth factor receptor (PDGFR) for membrane anchoring, as shown in Fig.
4.1a. However, the resulted construct pDisplay GINKO did not show membrane localization. We
then explored other potential options including CD59 glycoprotein leader peptide and a
glycosylphosphatidylinositol (GPI) anchor, ER and Golgi export signal peptides in different
combinations, as well as Fzd7 leader peptide. After testing the constructs in HeLa cells, I identified
the leader peptide Frizzled protein receptor 7 leader peptide (Fzd7) and the GPI anchor achieved
extracellular membrane anchoring for GINKO1.2 as shown in Fig. 4.1b. Later, I found the PDGFR
transmembrane domain worked as well as the GPI anchor when combined with Fzd7 leader
peptide (Fig. 4.1d). The localization was verified by acid quenching: the edges of a HeLa cell
expressing Fzd7-GINKO1.2-GPI lost fluorescence far more substantially than the interior region,
indicating the protein is exposed to the acidic extracellular environment (Fig. 4.1c). However,
titrating the cells by adding K™ to the imaging buffer showed that the performance of the membrane
bound GINKO is indifferent from that of the EGFP control, indicating the sensor is not functional

despite the correct membrane localization.
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Figure 4.1. GINKO on the membrane.

(a) GINKO1 in a vector pDisplay with IgK leader peptide and PDGFR transmembrane domain (b)
GINKO1.2 with Fzd7 leader peptide and GPI anchor. When expressed, GINKO1.2 is targeted on
the membrane. An acid quenching experiment was performed to confirm the extracellular
localization. (c) The fluorescence intensity is measured in a line across a cell. The fluorescence
intensity drops more obviously at the edge of the cells. (d) Fzd7 leader peptide and PDGFR

transmembrane domain can also make GINKO2a or GINKO2b membrane bound.
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4.2.2 Fixing the cleavage in Kbp during the trafficking process

We first hypothesized the displayed GINKO is not functional due to the cleavage during
trafficking process. This cleavage issue was previously observed when targeting FRET-based K*
biosensor KIRIN (Fig. 4.2a) to the extracellular membrane with the same Fzd7 leader peptide. The
expressed KIRIN in HeLa cells showed a lack of colocalization of mCerulean and cpVenus:
mCerulean is on the membrane, but cpVenus is retained inside of cells (Fig. 4.2b). This is

indicative of a cleavage during the trafficking.

d KIRINI PDGFR TM domaln

b..

c | kbp2a YFP PDGFR TM domain (1)

(2)

QHDK
(residue168-171) f
on the loop

Figure 4.2. Finding and solving GINKO cleavage.
(a) Fzd7 and PDGFR transmembrane domain are used to target KIRIN1 to the extracellular

membrane (b) The pictures of KIRINs were taken in the cyan and yellow channel. The cyan colour
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is localized on the membrane and the yellow colour is localized in the cells. (¢) Fzd7-Kbp from
GINKO2a-cpVenus(YFP)-PDGFR transmembrane domain is used to find observe membrane
localization. The Kbp2a (1) is ER localized and Kbp2a AQHDK (2) is membrane localized. The

location of QHDK is on a flexible linker that was not resolved by X-ray crystallography.

In order to solve this unknown cleavage in the Kbp region, we exploited KIRINs with ten
different Kbp homologues for various microbial species. These KIRIN variants, except the KIRIN
with the original E. coli Kbp, showed perfect colocalization of mCerulean and cpVenus (Fig. 4.4).
The results suggest this is a Kbp specific issue. We thus aligned Kbp with its homologues to find
regions where Kbp sequence is different from the others (Fig. 4.3) and to mutate or delete them in
a vector containing Fzd7-kbp-cpVenus-PDGFR. We identified AQHDK (Residue 168—-171)
allows cpVenus to be membrane anchored (Fig. 4.2¢), which suggested Kbp-AQHDK remains
intact during trafficking. We then continued to graft the deletion mutation onto GINKO, but
unfortunately, GINKO-AQHDK remains nonresponsive to K™ on the membrane, therefor other

contributive factors must lead to the loss of GINKO function.
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KopWT GERDWBANT- cORBEBBECAR E @ NAB-GEATHT c-BoESOEAR &5
kbp3 (+1) GEKEWDANH - s---ﬂlaNl E ENG-BTETET G-BcESOEEE 64
kbpé (+1) GERKEWBANT - BrsK Noc-BTHETHS c-BolSCEEK 54

kbp_con (+1) CEREWEANT - T HAB-GEATNT G-BcHSOEEK &4
Kbp5 (+1) GEREWBTNT - ) HUB-cEANNT G-DANSCEEK &7
kbpd (+1) CERNWB ANS - E NABBGTATET c-EclsSoEER 53
kbp2 (+1) GEKNWD ANS - NAEBGTATHET c-BNASCEBK o
kbp8 (+1) GERNWB ANS - HAEBGTATET G-BEGSOEBK 67
kop7 (+1) MCHEBENEE: cAREWBSEE - _ MEN-GEANNS ceBGHETOAEK 66
kopg (+1) MGHENENKE: cEREWBNET - BPcSBREMONN MTB-cEASET G-BolTOECK 54
kop10(+1) MCHEBENEBA CERNEBAEA- ¢ Q Kac NPGADKNENE NNGB-KANNT c-EGETOEEH 65
kop1(+1) MSHESHNEE: cERENBEETP ¢ Q -ERERNARNG H-GNPNNGAT NECH-KNNET c-ENASCEER 54

Consensus MGLFNFVKEA GEKLWDAVT- GN--KDDQAX KLKEHIKKLG LPGADKVNVT VAD-GKATVT G-DGLSQELK
100% 1

Conservation
o%
v 1 I
KbpWT T-ATPATAS QENMTHESGET ESANSKONNG
kbp3 (+1) -TBSAAES EENTHREGET EsANSKoNNG
Kops (+1) -8BsAPEA CENTHEEGET DsaNsEaENG N
kbp_con (+1) -TaSAAES RENTHESGET lSAlslnlIG
kbp5 (+1) -AQSEAES RENMTNEEGBT ESANSKENNG
kopd4 (+1) (UBBCE AA-AQSGHES HENMTHERSGBT EsAlAKACNG
kop2 (+1) TolcolsBcl -TascAESs RENTHEScBT EsalsEruNc
kope (+1) TclACNSBNE -T0SGAES EENTNESGET EsANSKETENG
Kbp7 (+1) A-TBANCEA TENMTNESGET EsANSKHENG

kbpg (+1) A-TBDAKBEA THNTHESGBT EsANSETENG
kop10 (+1) EN KN MTBAPAANES BENTHEScBT HEsallsEslNc E
kop1(+1) ERNEEANGNE AcNcsNBEGN AGPHAAAA RENMTHEEGET EsAl:K:ENc BANKNNENEE
Consensus EKILVAVGNV AGISSVDDKY TV-TQSAAES RFYTVKSGDT LSAISKQVYG NANDYNKIFE

100

Conservation

o%

kbpWT

kbp3 (+1)

kbp6 (+1)
kbp_con (+1) P-K 145
kbp5 (+1) P-0 148
kbpd (+1) PQK 145
kbp2 (+1) PAK 149
kbp8 (+1) PNE 149
kbp7 (+1) 0 PEN 142

kbp9 (+1) lllPGnTlIl PEA 148
Figure 4.3. Alignment of Kbp WT and other homologues.
The sequences aligned include Kbp wildtype (E. coli Kbp), Kbp1-10, and the Kbp consensus
sequence based on all 11 sequences. The regions highlighted with yellow stars are of interest as

Kbp wildtype sequence at these regions is different from those of other homologues.
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CFP YFP Merge
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KIRING
KIRIN1 KIRIN7
KIRIN2 KIRIN8
KIRIN3 KIRINS
KIRIN4 . - KIRIN1O
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KIRIN
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Figure 4.4. Images of KIRIN and KIRINs with Kbp homologues on the membrane.

Fzd7 leader peptide and PDGFR transmembrane domain were used for protein secretion and
membrane anchoring, respectively. Images of CFP and YFP channels were taken and merged to
show colocalization. All except for KIRIN wildtype have colocalization of YFP and CFP on the

membrane
4.2.3 Search for possible post-translational modification

We then hypothesized that post-translational modifications may cause this loss of GINKO

function because it is common for the mammalian system to modify proteins originated from

118



foreign sources in an unexpected way**®. The common modifications include disulfide bonds®®’,

289,290

glycosylations®®®, phosphorylations

Figure 4.5. Examining possible post-translational modifications.

Gels for secreted GINKO2a and locations of possible post translational modifications. The (a)
fluorescence image of the pseudonative gel of loaded with secreted GINKO2a in all four sample
lanes and (b) an image of the same gel after silver staining. There are two sample bands on the
fluorescence image: the thicker Band 1 (red arrow) right above the thinner Band 2 (black arrow).
Band 2 is more visible on the silver stained gel. (c) The two phosphorylation sites Ser281 and Ser
210 in magenta. (d) The Asn-lle-Ser N-glycosylation sequon is labelled by magenta sticks around
K* ion in purple sphere. (e) The two cysteine residues C45 and C71 on EGFP are labelled in

magenta.

To investigate in this direction, we purified secreted GINKO2a protein from HEK293 cells.

The secreted GINKO2a fluoresces and shows two bands close to the expected size of 47 kDa: the
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more fluorescent band is of less quantity according to the silver stained gel (Fig. 4.5a). The spectral
reading suggests that the secreted GINKO2a is non-responsive to K. In collaboration with Carlos
Gonzalez and David Gonzalez at University of California San Diego, we performed mass
spectrometry on the bands cut out from the silver stained gel. The results not only verified the
identity of the bands, but also suggested two phosphorylation sites, Ser210 and Ser291, which are
both exposed to the aqueous environment according to their locations on the crystal structure, and
therefore accessible to kinases (Fig. 4.5¢). To eliminate these two phosphorylation sites, site-
directed mutagenesis was performed to create variants: S210A, S281A, S210A/S281A, S210E,
S281E, and S210E/S281E. Replacing serine with alanine removes the hydroxyl group
phosphorylation while glutamic acid mimics phosphorylated serine®!. Unfortunately, these
mutations also failed to rescue the K response of GINKO2a on the cellular membrane.

Although not shown in the mass spectrometry, we also searched for possible glycosylation

via an online server (http://www.cbs.dtu.dk/services/NetNGlyc/). The server indicated a potential

N-glycosylation site at Asn241 of Asn-Ile-Ser sequon at the K* binding pocket (Fig. 4.5d). Asn-
X-Ser is a commonly recognized sequon for N-glycosylation. With site-directed mutagenesis, we
created N241A, N241Q, and N241D, but all of them are dim and non-responsive to K (Table
4.1). Asn241 may be of importance due to its location at the ligand binding site. As suggested by
previous report, the second residue of Asn-X-Ser sequon can affect N-glycosylation efficiency:

Tryptophan, glutamate, aspartic acid, and leucin can notably reduce the glycosylation®*>

. However,
variants of 1242W, 1242E, and 1242D failed to respond to K*; 1242L is the only variant with very
weak K response (Table 4.1). We also treated the purified HEK-cell secreted GINKO2a AQHDK

with PNGase-F in vitro to remove potential N-glycosylation, but the treated protein did not respond
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to K', suggesting N-glycosylation may not be the cause for the functional loss of membrane-
tethered GINKO2a.

The disulfide bond could not be detected in the regular mass spectrometry, therefore, is
another possible post-translational modification worthy of investigation. There are three cysteine
in the membrane bound GINKO2a sequence: one on Fzd7 leader peptide and two on the GFP. The
cysteine on Fzd7 can potentially form disulfide bonds with other cysteines, because frizzled
protein receptors have been reported to form critical disulfide bonds within their cysteine-rich N
terminus®®. To test whether the cysteine in Fzd7 leader test may lead to disulfide bond, I searched
for other frizzled protein receptor leader peptides, specifically looking for the ones without
cysteines. Fzd2 and Fzd4 were used to replace Fzd7 for the purpose and neither of them succeeded
in membrane targeting. The two cysteine on GFP are Cys49 and Cys71 (Fig. 4.5e). They were
mutated to alanine to create variant C49A/C71A, which is not fluorescent. The variant is dark. To
rescue the brightness for testing K™ response, we performed a round of directed evolution on the
double mutant, but no bright colonies were found. To narrow the mutations to the sites of interest,
I performed site saturation on the double mutant. The sequences of bright variants all contain a
reverted cysteine. This suggest the cysteines are either important for the chromophore environment
that is necessary for GFP fluorescence or essential for GFP folding and maturation. We also treated
the secreted GINKO2a with B-mercaptoethanol to remove disulfide bonds. The result shows the
treated samples have the same spectrum as the untreated control, suggesting that the disulfide may
not be responsible for the loss of function.

Overall, the investigation of phosphorylation, N-glycosylation, and disulfide bonds
suggested these post-translational modifications might be irrelevant to the functional loss of

GINKO2a on the membrane and factors other than PTMs should be explored.
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4.2.4. SpyTag-GINKO for anchoring purified GINKO from E. coli to the mammalian membrane

To investigate whether the membrane environment itself is the cause of the functional loss
of GINKO2a, we purified GINKO from E. coli and attached it to the cell surface using SpyCatcher
and SpyTag, which spontaneously form a covalent link in the aqueous environment. The
SpyCatcher-mApple was expressed on the membrane of mammalian cells and SpyTag-GINKO2a
was expressed by E. coli and purified. We first tested SpyTag-GINKO2a to confirm it perform
consistently with GINKO2a in vitro (Fig. 4.7a). We then added the purified SpyTag-GINKO2a to
HeLa cells expressing SpyCatcher-mApple by incubation followed with washing two times with
HHBSS to remove the unattached SpyTag-GINKO2a in the solution. Cellular images suggest
successful attached of SpyTag-GINKO2a to the cell membrane (Fig. 4.6a). In parallel, we used
super ecliptic pHluorin pH biosensor (SEP) as a control (Fig. 4.6b). A time-lapse video was taken
with increasing in K* concentration over time. GINKO2a shows an approximate 20% increase in
green fluorescence and SEP remains mostly constant (Fig. 4.6¢ and d), while the mApple
undergoes substantial photobleaching during the time course. The attached SpyTag-GINKO2a has
a small fluorescence change at the low K range but attenuated in the higher K* range (Fig. 4.6e).
This small K" response suggests attached GINKO2a becomes partially functional on the

membrane.

122



d GINKO2A

(g]
(=1

GINKO2A (n=6)
5 10 20 35 50 100
vy v

relative fluorescence intensity
relative fluorescence intensity

1 v T T 1
0 100 200 300 400
Time (s)

SEP (n=6)
100 150
LR/

SpyTag

T T T
100 150 200

Time (s)

Superecliptic pHluorin

e
GINKO2A vs SEP
814
5
Q
g { } { e GINKO2A
S12 ﬁi SEP
[
c
H
2
510
L
z
&
S 0.8+ v . ; ,
« (1] 50 100 150 200

K+ concentration (mM)

Figure 4.6. Tagging purified GINKO2a to membrane with SpyTag-SpyCatcher.

SpyTag was purified from E. coli and added to mammalian cells expressing SpyTag-mApple for

spontaneous covalent linkage. The green, red, and merged images of SpyTag-mApple

expressing HelLa cells incubated with (a) SpyTag-GINKO2a and (b) SpyTag SEP. Time lapse

imaging measurement of both green and red fluorescence with increasing K* (additions indicated

by arrows in mM) over time are represented in (c) and (d). The additions of K* are indicated by

black arrows and final K* concentrations in mM are labeled above the arrows. (c) GINKO2a shows

a small increase at the initial addition of K* to 5 mM, but (d) SEP does not. RFP signal decreases

in both cases. (e) The relative fluorescence as a function of K* concentration.
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Figure 4.7. The impact of different aqueous environment to SpyTag-GINKO2a protein.

The fluorescence emission spectra of SpyTag-GINKO2a are measured with and without the
addition of 150 mM K in different background solutions. The spectra taken in (b) the imaging
buffer HHBSS at pH 7.4 and (d) 2 mg/mL BSA are consistent to those in (a) 10 mM HEPES at pH
7.4. (c) The ones taken in the culture medium DMEM shows a slight elevated peak without the

addition of K*. This is consistent with ~5 mM K* in DMEM.

To investigate the possible impact of solution content, we tested SpyTag-GINKO2a in the
imaging buffer HHBSS, the culture medium DMEM, as well as a solution containing 2 mg/mL
BSA to test the effect of protein crowdedness. HEPES (pH 7.4), HHBSS (pH 7.4), and 2 mg/mL

BSA appear to have no effect on K response of purified SpyTag-GINKO2a (Fig. 4.7b and d);
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DMEM has an elevated signal in the absence of additional K" due to the basal K* level in DMEM
(Fig. 4.7¢). Overall, these results suggested that GINKO2a is not influenced by a complex solution
environment of HHBSS, DMEM, or elevated BSA concentration. Further investigation is required
to understand the underlying cause of the GINKO2a function loss at the membrane.
4.2.5 Engineering towards a GINKO with higher K™ affinity

The affinity of GINKO also need to be addressed as the K* concentration is much lower in
the extracellular space than in the cytosol***. To generate a desired GINKO with a higher affinity,
we examined the residues at the binding site. As the K ion is coordinated by the backbone
carbonyl of six amino acids as shown in Fig. 4.8a, it poses difficulties to rationally design residue
mutations for affinity tunning. Instead, a proline scan was performed on the residues around the
ligand binding site to understand how much these sites can tolerate perturbation?®>. Proline shows
a detrimental effect on residue 224 to 228 but less so for residue 154 to 159 (Table 4.2). Except
for V154, all of them are targets for site saturation that could be used to fine-tune the affinity.
Ala228 was also investigated due to its proximity to Lys155. We proposed that mutating Ala228
to polar or oppositely charged residue can allow interactions that change the binding pocket: the
two side chains may work as a clamp to influence the positions of the backbone carbonyl groups
(Fig. 4.8b). The experimental data show the two side chains do not work in such way as A228S

and A228D did not show much difference to GINKO2a (Table 4.2).
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Figure 4.8. Altering GINKO affinity with sites around the K* binding site.
(a) The binding pocket for the K* ion. (b) The side chain of Lys155, a K* binding residue, is in
proximity to the side chain of Ala228. Mutating the two residues to form interactions can potentially

tighten the binding pocket like a clamp.

The deleted QHDK region was also investigated. Instead of deletion, they were mutated to
DD and DDED for increased acidity to potentially attract K*. Titrating the variants with K* shows
that QHDK to DD variant has a lower Kq at 4.88 mM (Fig. 4.9a and Table 4.3). Both variants do

not respond to Na". The pH profiles of both remain the same as well (Fig. 4.9b).
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Figure 4.9. Titrations for variants replacing QHDK with DD or DDED.

(a) K* and Na* titrations and (b) pH titrations of variants with QHDK replaced by DD and DDED.

4.3 Conclusion and future work

The E. coli Kbp led to many challenges that prevented GINKO2a from being a successful
membrane anchored K biosensor. Although the Fzd7 leader peptide allowed GINKO2a secretion,
the function of the membrane bound GINKO2a was lost. The troubleshooting included examining
the cleavage in the secretory pathway and seeking for potential post-translational modifications.

Later, SpyTag experiment showed the membrane environment may contribute to the loss of
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function as well. Kbp may interact with the membrane lipid or sugar moieties; alternatively, it may
be modified by enzymes on the membrane. The troubleshooting led to more questions than answers.
As this project is still under active investigation, we will be further exploring other leader peptides.
Despite the challenges so far, a successful membrane targeted K" indicator remains appealing to
the user community where a membrane-displayed K" indicator will enable monitoring of key
extracellular K™ changes in tissue cultures or animal models for biomedical research of some

diseased conditions.

4.4 Method

Plasmid DNA construction

Vectors of pDisplay and pAMEX were kindly provided by Dr Yi Shen and Dr Yusuke
Nasu. ER and Golgi export tags and the GPI anchor were synthesized by Integrated DNA
Technologies (IDT) as a double-stranded DNA fragment. Fzd7 sequence was provided by Dr Yi
Shen. DNA fragments were PCR amplified using Q5 polymerase and then cloned into the
pcDNA3.1, pDisplay, or pAMEX expression vector using Gibson assembly (New England
Biolabs). All constructs were verified by DNA sequencing.
In vitro characterization

The indicator proteins were expressed as His-tagged recombinant proteins in E. coli and
purified with Ni-NTA beads as described in Chapter 2 (Ref. 1). For K4 determination, purified
protein was diluted into a series of buffers with K concentration ranging from 0 to 150 mM. The
fluorescence spectrum of the GINKO2a variants in each solution (100 pL) was measured using a
Tecan Safire2 microplate reader with excitation at 410 nm and emission from 430 nm to 650 nm.

Titration experiments were performed in triplicate. The fluorescence intensities were plotted as a
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function of K* concentration. Data was analyzed using Graphpad Prism to obtain apparent K4 and
the apparent Hill coefficient. The measurement of extinction coefficient and quantum yield was
performed as describe?®!. The brightness was calculated as the product of these values with a unit
of mMlem.

Live cell imaging

HeLa or HEK293 cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific), Penicillin-
Streptomycin (Thermo Fisher Scientific), and GlutaMAX (Thermo Fisher Scientific) at 37°C with
5% COa. Cells with 60—70% confluence on 35-mm glass-bottom dishes (In Vitro Scientific) were
transfected using Turbofect (Thermo Fisher Scientific) according to the manufacturer's
instructions. Cells were imaged approximately 24 h after transfection. Immediately prior to
imaging, medium was replaced with 1 mL of 20 mM HEPES buffered HBSS (HHBSS) at pH 7.4.
Cell imaging was performed with a Zeiss Axiovert 200 microscope with a 40x objective. HeLa
images were processed using ImageJ.

HEK293 cells were used to express Fz7-GINKO2a with a His tag for secretion. The cells
at a 50% confluence on a 150 mm cultural dish or in a 75 cm? cultural flask were transfected with
pcDNA Fz7-GINKO2a with Turbofect and incubated for 3—5 days in DMEM supplemented with
2-4% FBS, Penicillin-Streptomycin. The medium was collected and replaced with new medium

every 1-2 days. The Fz7-GINKO?2a in the medium was purified with Ni-NTA beads. The protein

was run on pseudo-native gel**® and stained with silver®®’ as previously described.
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Chapter 5 Optimizing dimerization-dependent fluorescent proteins

5.1 Introduction

Dimerization-dependent fluorescent proteins (ddFPs) are wvaluable tools for the
development of biosensors as in previously reported Ca®" indicator and Caspase activity
indicator?®. They were created in the Campbell lab by Dr. Spencer Alford as tools for detection of
protein-protein interactions and were further demonstrated in the fluorescent protein exchange
(FPX) technology by Dr. Yidan Ding with which bi-colour biosensors can be created?98-3%,

Dr Alford and coworkers developed three different colour variants of ddFPs: red (ddRFP),
yellow (ddYFP), and green (ddGFP). Each pair consists of a bright A copy and a dark B copy?°°3%,
A copies are named RA, GA, and YA for ddRFP, ddGFP, and ddYFP, respectively, while B copies
are named RB, GB, and YB. The fluorescence brightness of A copy is enhanced when fused to a
B copy by a short linker (Fig. 5.1a and b). The affinity of A copy to B copy is adjusted such that
the dimerization does not occur spontaneously unless they are in proximity. When A copy and B
copy are fused with different proteins of interest, ddFPs work like fridge magnets: if the proteins
of interest interact with each other, the A and B copies will be brought sufficiently close, enabling
dimerization and increasing the fluorescence intensity.

Incidentally, RB (B copy of ddRFP) was later found to have a reasonable affinity to both
RA (K4 =40 + 8 uM) and GA (Kq =40 = 8 uM)**®. Dr. Ding utilized this unique finding to design
FPX where a B copy can swap its A copy from RA to RB or vice versa?®®. During changes in
protein-protein interactions, this affinity provides ratiometric fluorescence intensity increase in
one colour and respective decrease in the other. (Fig. 5.1¢).

ddFPs were well expressed in HeLa cells and function as designed. However, when they

are expressed in cells with reduced protein expression levels, such as neurons, the brightness can
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be insufficient for some experiments and can be potentially be compensated for by brighter
variants. With the goal of improving their brightness of ddFPs, I generated new ddFPs using

directed evolution and tested the new variants in vitro and in situ.

Figure 5.1. The general scheme of ddFPs.

The intensiometric ddFPs includes a (a) ddGFP and (b) ddRFP. The A copies are fluorescent,
and the B copies are dark. The fluorescence intensity of an A copy is enhanced by
heterodimerization. (c) RB can dimerization with both GA and RA. When ddRFP and ddGFP are

used in combination, RB can change its dimerization partner, allowing ratiometric detection.

5.2 Results

Using directed evolution, I continued the work of Mr. Enterina of the Campbell lab in
development of versions 1.7 and 1.4 for ddRFP and ddGFP, respectively. During the evolution,
RB was unchanged to avoid mutations that can result in preferred dimerization to one of the A
copies. Only the A copies were mutated for brightness improvement. Because RB is used for both

RA and GA, I will denote RB as B for simplicity in the rest of the chapter.
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Directed evolution for ddFPs was slightly modified from the original protocol (Fig. 5.2a).
The error-prone PCR of the gene encoding A copies was performed in an A-copy-only pBAD
vector to avoid PCR error from high sequence similarity between the A and B copies. The PCR
fragments with mutations were ligated into a vector fusing the genes of the A copy libraries to the
B copy via a linker containing a lysine residue for screening. I selected bright colonies seeking
brighter heterodimers. Colonies were picked and screened with the lysate assay in which sample
fluorescence was measured before and after the treatment with trypsin—which recognizes the

lysine in the linker—to select variants that retain some reasonable intensity change (Fig. 5.2b,c).

Vector containing
a the B copy

A copy

Error prone e < ’
C o J PCRonAcopy "=

L
Ligate into a B copy
containing vector ( )

Transform

Isolate plasmids into E. coli

from cultures
with improved ) d
brightness ‘) ‘) % %
— A
O ﬁ //ﬂ Pick bright ‘-_l."’ .
Transfer the gene

f A colonies for
of new A copies

i y Screen with trypsin  screening
into a plasmid

without B copy assay

trypsin
ﬁ

Figure 5.2. The directed evolution procedure for ddFPs.

Pre-trypsinization

Fluorescent

signal

Emission wavelength

(a) The error-prone PCR of ddFPs was performed on a pBAD vector containing only the A copy

(RA or GA). The PCR fragments were digested then ligated into a vector containing a B copy (in
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gray). E. coli DH10B cells transformed with the ligation products were plated and the bright
colonies were picked for further screening in E. coli culture lysate screening. Winning variants
were submitted for sequencing and used as the template for the next round of directed evolution.
(b) The lysate assay used during directed evolution. The RA-B or GA-B fusion protein was treated
with trypsin to cleave the linker. (c) The fluorescence readings were measured before and after

the trypsin treatment to measure the intensity change.

The improvement for ddGFP is marginal. The streaked plate of Escherichia coli expressing
ddGFPs, including GAo, GAo-B, GA1.4233, and GA1.433-B, shows that ddGFP; 433 failed to present
substantial improvement when expressed (Fig. 5.3a). The numbering for the variants include three
numbers: the first number is 1 in this work, indicating the variant is based on the first generation
ddFP and not quite mature to be named as the second generation; the second number suggests the
number of the library for screening; the third number is the colony number in the library. For
example, GA1.4.33 means the 33™ colony in the 4™ library of GA based on the first generation of
GA. The heterodimers of ddGFP433 and ddGFP;.439 are approximately 50% brighter than the
original ddGFPy heterodimer in the E. coli lysate assay. The dynamic range for ddGFP;3; and
ddGFP 433 remained roughly 45, but that of ddGFP1.4.39 was reduced to less than 10 (Fig. 5.3b).
The lysate assay can be biased by incubation time and effectiveness of trypsin. To verify the results,
I characterized purified ddFP dimers and monomers as shown in Fig. 5.3e. The brightness
measurements showed ddGFP1 433 and ddGFP; 439 increased their dimer fluorescence intensities
for 30% and 15%, respectively, which is consistent with the lysate assay results. The overall
brightness, defined to be the product of extinction coefficient and quantum yield, of ddGFPs is
below 10, much dimmer than the EGFP control (brightness = 37.5)**3. The dynamic range,

contrary to the lysate assay, was at a similar level to ddGFPy for both variants with a number that
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ranges from 10 to 20. The overall results suggested that improvement of ddGFP were not observed.

The discrepancy suggests possible increased expression levels for the new ddGFP variants.
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Figure 5.3. The preliminary data of brighter ddFP variants.

(a) E. coli expressing the brighter ddGFP variant GA+.433 and GAo were plated in monomer and
heterodimer forms. (b) The brightness of new green variants was 50% better than ddGFPy;
however, the fold change dropped substantially. (c) E. coli expressing ddRFP variants RA17.16,
RA1729, RA16, RA15 and RAo were plated with monomers in the middle of the plates and

heterodimers in the outside circle. (d) The brightness increased substantially after directed
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evolution and the dynamic range in intensity decreased dramatically. The comparison of green
ddGFP (e) and ddRFP (f) in both monomer and heterodimer forms. The purified ddFP monomers

and dimers were verified by SDS-PAGE.

Conversely, new ddRFP variants met the objective and showed brighter fluorescence. E.
coli expressing selected variants, ddRFP1.7.16, ddRFP1.7.29, as well as ddRFP ¢, are much brighter
than the ones expressing ddRFPy on an agar plate (Fig. 5.3c). These results are congruent with the
enhanced fluorescence of new variants shown in the lysate assay in Fig. 5.3d. The ddRFP 7,16 and
ddRFP; 6 retained a similar dynamic range as that of ddRFPy, but ddRFP; 729 dropped its fold
change to 3. The purified protein characterization shows that there is 60% brightness improvement
for ddRFP;.7.16 and no improvement ddRFP; 729 relative to ddRFPy (Fig. 5.3f). These results
suggest that the increasing brightness observed on the agar plate and in the lysate assay are mostly
likely due to an increase in protein expression level. The fold change is 5 for ddRFP;.7.16 and 9 for
ddRFP1.729. Both are acceptable. This suggests that ddRFP1.7.16 may be the only variant warranting
further studies.

I tested the new ddFP variants in HeLa cells to see whether the new variants are truly
brighter in a mammalian system. I used two previously published constructs**®: a CaM-RS20 triple
ddFP construct and a Caspase-3 triple ddFP construct as illustrated in Fig. 5.4. The equilibrium
shifts towards to RA-B dimerization when Ca®" binds to CaM-RS20 as described in Fig. 5.4a
When histamine is applied to cells expressing caspase-3 triple ddFP, the intracellular Ca**
fluctuates, leading to fluctuations of the ratio of red to green fluorescence®”. To evaluate the
improvement on the brightest of new ddFPs, one of RAo and GAo was replaced with a new version
(Fig. 5.4b).The CaM-RS20 constructs with new ddFP variants exhibited small fluctuations in

response to histamine treatment, which prevents comparisons of the new variants to the first
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version. Similarly, caspase-3 cleaves at the DVED sequence when activated by TNF-a, which
subsequently favours the dimerization of ddRFP as GA is cleaved off from the polypeptide (Fig.
5.4¢)*%8. Due to cell-to-cell variation in expression level and caspase-induced ratiometric change,

results were inconclusive and thus no solid conclusion can be interpreted from this data.
a
2+
“ CaM ca

RA CaM RB RS20 GA

or &

/ ( Caspase -3 E
(mm)§

1L

RA ;] DEVD GA

or ﬁ

Figure 5.4. HeLa cell constructs to verify improvement of ddFPs.
(a) The scheme of CaM-RS20 triple FP construct. The red fluorescence is expected to increase
in presence of Ca?*. (b) The sequence topology of CaM-RS20 triple FP construct. (c) The scheme

of Caspase-3 triple FP construct. (d) The sequence topology of Caspase-3 triple FP construct.

136



5.3 Conclusion

The engineering of ddGFP and ddRFP was conducted mainly by directed evolution to
generate brighter variants. After thorough examination with the lysate assay and purified protein
characterization, I determined that the new ddGFPi433 and ddGFPi439 did not display any
substantially improved brightness. On the other hand, the apparent improvement in brightness of
ddRFP new variants in the lysate assay were not as substantial with purified protein, though
ddRFP1.7.16 was 60% brighter. Further testing in HeLa cells showed inconclusive results. All these
results suggest ddFPs require more engineering to improve their in vitro brightness first to fulfill

my goal.

5.4 Methods

Directed evolution

The directed evolution procedure is modified from a previously described procedure in Ai
et al. 81, The error-prone PCR is performed on a pBAD vector containing only the A copy in
duplicate with 15 and 30 uM MnCl,. The different Mn?* concentrations allow a library with two
different mutation rates. Products of the two error-prone reactions are combined for ligation in a
vector containing a B copy. The linker before B copy has a sequence of GTGSTKSGSSGT where
K is designed to be cleaved by trypsin.
Lysate Assay

E. coli DH10B expressing library variants were cultured in LB with 100 pg/mL ampicillin
and 0.02% arabinose at 37°C overnight. The cells were lysed with BPER reagent from Thermo
Fisher at room temperature with vortexing. After spinning at 10,000 rpm for 20 min, the

supernatant was transferred to a 96-well plate for the assay. Excess amount of trypsin is added to
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the supernatant for 20 min at room temperature. Fluorescence readings were taken before and after
trypsinization for comparison.
Protein purification and SDS-PAGE

ddFP monomers and heterodimers linked to a His tag were expressed by E. coli DH10B
and purified with Ni-NTA as previously described**°. The purified proteins were run on a 12.5%
polyacrylamide gel with heat denaturation by DTT and boiling as previously described®®!. The
prestained molecular weight marker (Bio-Rad) was used as a size standard. The gel was
commassie-blue stained for band visualization.
Construct building for Caspase-3 triple ddFP and CaM-RS20 triple ddFP

The construct is based on Dr Ding’s constructs?®®. The sequence of the CaM-RS20 triple
ddF is Xhol-RA-Kpnl-Calmodulin-BamHI-B3-EcoRIRS20-Kpnl-GA-NES-Hindlll. The sequence
of the Caspase-3 triple ddFP is HindlII-RA-Kpnl-Xhol-B-BamHI-DEVD-GAYES-Xhol. The
corresponding FastDigest restrictions enzymes (ThermoFisher Scientific) and T4 ligase
(ThermoFisher Scientific) were used to replace one of the A copies with a new version.
Cell culture and imaging

HeLa cell culture and imaging were performed with previously described procedures with
some modifications?®®. The HeLa cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO.. Transient
transfections of pcDNA3.1 expression plasmid carrying caspase-3 triple ddFP or CaM-RS20 triple
ddFP were performed with Turbofect (Thermo Scientific) according to the manufacturer’s
instruction. After 24-48 hours of incubation, the cells are subject to three washes with PBS buffer
and then treated with histamine or TNF-o in HHBSS for CaM-RS20 triple ddFP construct and

Caspase-3 triple ddFP construct, respectively. For CaM-RS20, cells were imaged immediately
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after the treatment. For Caspase-3, cells were incubated 20—30 min at 37°C in TNF-a before being
imaged. The imaging was performed on a Zeiss Axiovert 200M equipped with a 75-W xenon-arc
lamp, a 40% objective lens, and a 14-bit CoolSnap HQ2 cooled charge-coupled device (CCD)
camera (Photometrics) driven by MetaMorph software. Filter sets had the following
wavelengths/bandwidths: excitation 470/40 nm, dichroic mirror 495-nm dclp, and emission 525/50

nm (GFP), and excitation 535/50 nm, dichroic mirror 565-nm dclp, and emission 585/29 nm (RFP).
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Chapter 6 Development of dimerization dependent FRET pair

6.1 Introduction

The project of DipdTFP was inspired by ddFP project?®8-3%, The weak binding of ddFP’s
A copy to B copy allows them to identify protein-protein interactions with a measurable
intensiometric or ratiometric fluorescence change. The ratiometric measurement provided by FPX
is less likely to be influenced by photobleaching in the cells, making it an attractive option for
protein-protein interaction. The drawback of FPX is the requirement of at least three ddFPs, which
led to the proposal of this project: to create a dimerization dependent FRET pair that enables a
double FP ratiometric measurement instead of a triple FP ratiometric measurement with FPX, and

potentially with better brightness.

6.2 Results

6.2.1 Modify dTFP surface to generate a new TFP that can interact with dTomato

4 A
. ."'

a

Discosoma Clavularia No interaction
\ dTomato dTFP )
(. " N\ /(. N
| — —
First attempt: Second attempt:
DidTFP (Discosoma interface dTFP) DipdTFP (Discosoma peripheral dTFP)

N\ J

Figure 6.1. The dimerization dependent FRET fluorescent protein design with Clavularia

dTFP and Discosoma dTomato.
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(a) Both FPs are homodimers that do not form any heterodimers. (b) DidTFP was generated by
changing the contacting interface of dTFP to that of dTomato, but it does not form heterodimer
with dTomato. (c) DipdTFP was generated by changing all the exterior residues to those of

dTomato and it interacts with dTomato.

This project started with a bold design of making two FPs from different organisms to

302

interact through modification of the interface. I chose dTomato?%%, a dimer red FP derived from

Discosoma DsRed, to be one of the FRET pair because ddFPs were based on dTomato?°%3%, The
other fluorescent proteins need to have an excitation or emission spectrum overlapping with the
emission or excitation spectrum of dTomato to form a FRET pair. The candidates include dimer
teal fluorescent protein (dTFP) engineered from Clavularia sp. cFP484 (Ref. 303), dimer Azami
Green derived from Galaxeidae tetrameric Azami Green3®*, as well as dScarlet evolved from
Discosoma DsRed?*®. The first two have an emission spectrum overlapping with the excitation
spectrum of dTomato, making them a potential FRET donor for dTomato. On the other hand, the
spectra of dScarlet makes it a suitable FRET acceptor for dTomato. Because dScarlet and dTomato
are both DsRed derived, they could be more likely to form heterodimers with some engineering.
Fusing dTomato with any of the FRET partner fails to provide any substantial FRET signal
possible due to the lack of interactions (Fig. 6.1a). To create an interaction like the one in ddFP, I
sought to produce interactions for heterodimers and reduce the homodimer interaction at the same

time.

141



P145A, 1149R, V152R, D160E, S162H,
a S164A, R174L, D176E, F194Y, R198K,
N216R, V218E, Y221H, S222H, L224F,
P225L, P226del, Q227del, A228Y

K841, K125N
N42K, K142N,
1180V, D205G

DidTFP,

DidTFP,, , DidTFPy;

Figure 6.2. The mutations involved in the design and fluorescence rescue of DidTFP.

(a) The dTFPO0.2 was used as the template for making DidTFPO. dTFP0.2 was generated by Dr.
Huiwang Ai in his work to monomerize TFP from a tetramer and subsequent improvements came
with a mutation of Q66L by Dr. Tam Tran. (b) The DidTFP, underwent two rounds of directed

evolution for fluorescence rescue.

The first approach to make such change was to swap all the interface residues of the target
FP to those of dTomato. Subsequently, target residues were identified after aligning the available
structures (Fig. 6.1b). The changes were so detrimental that they led to dark FP in all cases, which
necessitated rescues of fluorescence (Fig. 6.2a). I recovered the fluorescence with one round of
directed evolution for TFP, but not for Azami Green or dScarlet. The newly derived TFP was
denoted as DidTFP for Discosoma interface dTFP. The best variant from the first round of
evolution, DidTFPy.1 4, was further improved with another to yield DidTFPo. > (Fig. 6.2b). DidTFP

forms homodimers according to its FPLC elution time when compared with the elution time of the
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monomer control mCherry and the dimer control tdTomato (Fig. 6.3). However, DidTFPs do not

interact with dTomato in a tandem dimer and their FRET response was not satisfactory as a

potential FRET ddFP pair.
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Figure 6.3. FPLC analysis of DidTFP
variants.

tdTomato served as a dimer control and
mCherry served as a monomer control.
All dTFPs and DidTFPs eluted at the

same time as tdTomato.

The second approach was used to swap all the exterior residues of dTFP to those of

dTomato (Fig. 6.1c). The swapping is more dramatic than the first approach and inevitably led to

a dark FP (Fig. 6.4a and b). Fortunately, the fluorescence was rescued by one round of directed

evolution with several bright variants (Fig. 6.4c). They are named as DipdTFP for Discosoma

peripheral dTFP. All bright variants contain a mutation at K83 (Table 6.1). The position of this

residue is right above the chromophore, therefore, may serve an essential role in the chromophore

environment (Fig 6.4b and 6.5a). The brightest ones, DipdTFP¢.1.5 and DipdTFPo.1.10, were visibly

brighter on a plate (Fig. 6.5b) and were used for further characterization with dTomato.

143



a T3del, Tadel, M5del, G6del, P10E, D11F, K13R, N21S, V22M, A26E, V28E,
K36R, D39E, N42K, N45K, E47K, KA9T, ESOK, AS2G, S57A, D77A, ASOP,
N81D, F83K, Q85L, S92K, T96V, TO8N, K102G, 1104L, K106T, K108T,
F114Q, E115D, D116G, $117T, 121K, R123K, K125R, K127T,

N132D, L141M, K142N, P145A, [149R, V152P, V158K, D160E, S162H,
S164A, L166K, E168K, G169D, R174L, D176E, K182M, V186P, K188Q,
D1916G, H193Y, F194Y, R198K, E200D, L202T, N203S, D205N, K206,
dTFPo2 Q66LbBY o097 k2101, 12126, N216R, V218E, Y221H, 5222H, L224F, P225del,
Dr. Tam Tran P226del, Q227L, A228Y
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Figure 6.4. DipdTFP mutations and fluorescence rescue.
(a) The list of mutations on dTFP0.2 Q66L to generate DipdTFPO. (b) Structure of a dTFP
monomer in cyan with DipdTFP mutation sites in red. F83K is labelled in yellow. (c) The lysate

emission spectra of fluorescent variants of DipdTFPO.1 library.

6.2.2 Characterize DipdTF Py variants with dTomato

I characterize the interaction between DipdTFPs and dTomato with two designs: a tandem
dimer (Fig 6.6a) and a co-expression system (Fig. 6.6b). The tandem dimers, DipdTFPo.1 s-
dTomato and DipdTFPo.1.10-dTomato, yield good FRET response. When excited at 410nm for
DipdTFP, they yield an emission spectrum similar to that of dTomato (Fig. 6.6e). Deconvolution
analysis reveals a FRET efficiency of 99% for DipdTFPo.1.10-dTomato (Fig. 6.8d). The absorbance
spectra show a major peak for dTomato at ~560 nm and a minor peak for DipdTFP at ~460 nm
(Fig. 6.6d) indicating both FPs are present. The 3D scan of the tandem dimers reveals two peaks

for DipdTFP and dTomato as well (Fig 6.7a and b). A WELQut construct was designed to observe
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the FRET change upon the dissociation of the tandem dimer DipdTFPo.1.10 -WELQG-dTomato
(Fig 6.8a). WELQut protease cuts specifically at the sequence WELQX, but the dimer does not
dissociate after the cutting according to its emission and excitation spectra (Fig 6.8b and c¢). This
suggests a strong affinity for the heterodimer. A pseudonative gel was performed to examine the
oligomerization state (Fig 6.6¢). DipdTFPo.1 5 and DipdTFPo.1.10 shows two thinner bands above
the dimer size, one of which corresponds to the tetramer size. The tandem dimers dTomato-
DipdTFPo.1.5 and dTomato-DipdTFPo.1.10 also shows bands of the same sizes indicating both cyan
and red fluorescence but the tetramer band is much thicker. This suggests a possible higher state

of oligomerization of DipdTFPs.

Figure 6.5. Mutations of selected variants
in the DipdTFPO0.1 library.

(a) The location of mutations involved in the
library. (b) The streaked plate of E. coli
expressing DipdTFP shows much better
AN N fluorescence for the new variants in the

DipdTFPy 10
DipdTFPo.1.5 and DipdTFPg.1.10.
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Figure 6.6. Characterize DipdTFPo.1.5 and DipdTFPy.1.10 co-expressed with dTomato or fused
with dTomato.
The sequence of (a) dTomato-DipdTFP tandem dimer and (b) coexpressed dTomato and

DipdTFP. (c) Fluorescence images of pseudonative gels, (d) absorbance spectra, and (e)
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emission spectra of DipdTFPs, dTomato, DipdTFP-dTomato tandem dimer, and co-expressed

DipdTFP and dTomato.

In the DipdTFP and dTomato co-expression system, only dTomato contains an N-terminal
His tag. With the His tag binding to Ni-NTA beads, dTomato can be purified from the cell lysate;
without the His tag, DipdTFP can only be retained in a Ni-NTA purified sample if bound to
dTomato. Findings from the pseudonative gel (Fig. 6.6¢), absorbance spectra (Fig. 6.6d), emission
spectra (Fig. 6.6e), and the 3D scan (Fig. 6.7¢ and d) of the purified protein indicate that the
majority of DipdTFP was washed away. The pseudonative gel shows a marginal band above the
dTomato dimer band for co-expressed dTomato/DipdTFPo.1.5, which was absent for dTomato only.
This finding suggests a negligible amount of DipdTFPo.1 5 in the sample. These results offer that
homodimers are much more preferred than heterodimers. Future experiments need to address this
by lowering the affinity for the homodimers to prevent homodimers and for the heterodimers to

only allow weak dimerization of heterodimers.
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Figure 6.7. 3D scan of dTomato-DipdTFP fusion and co-expressed dTomato-DipdTFP.
The intensities are colored coded. (a) and (b) are tandem dimer constructs and (c) and (d) are

co-expressed version.
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Figure 6.8. Determine the affinity
between DipdTFP and dTomato.

(@) The WELQut construct for testing
heterodimer affinity. (b) Emission and (c)
excitation spectra of DipdTFPo.1.10-

WELQG-dTomato with and without

WELQut protease treatment. (d)

Deconvoluted emission spectrum of DipdTFPg 1.1o-dTomato.

6.2.3 Further engineering of DipdTFP

DipdTFPo.1.10 with K83M is used for further engineering with directed evolution. There are

multiple selection criteria for the directed evolution: (a) better overall brightness as this was the

main objective for ddFP optimization in Chapter 5 and (b) brighter DipdTFP relative to dTomato.

The excitation spectrum of DipdTFPo.1.10 indicates much lower DipdTFP peaks, suggesting

DipdTFPo.1.10 is dimmer than dTomato. DipdTFPo23 was selected because of its increased

brightness in the E. coli lysate.
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Figure 6.9. The spectra of the fusion protein of dTomato and DipdTFP.
The dTomato-DipdTFPos9 shows a similar emission spectrum (a), but a very different excitation
spectrum (b) with lowered dTomato excitation peak. (c) The cell lysate expressing DipdTFPgs.9,

dTomatope.g, or fused tandem dimer shows visible differences in colour.

Charge flipping was subsequently performed on DipdTFPo»3-dTomato to reduce the

homodimer affinity as introduced to ddFPs by Dr Alford. EI00R on DipdTFPo>3 and R153E on
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dTomato are introduced simultaneously as shown in Fig 6.10a. These mutations allow heterodimer
formation with opposite charges but introduce charge repulsions during homodimer formation.

Two rounds of directed evolution on dTomato-DipdTFPo>3 CF (charge-flipped) yield
DipdTFPo 428, which reverted the charge flipping. The new DipdTFPo.428 was subjected to a site
saturation at position 83 to determine a mutation for the best brightness as its mutation was
important in making DipdTFP fluorescent in the first library. The variants selected contained either
H, I, or M at Residue 83 (Fig 6.11). This result suggests hydrophobicity is important for the site,
possibly for interacting with the chromophore.

The most interesting mutation occurs in dTomato-DipdTFPoe9. This variant contains
mutation in dTomato that lower its excitation peak thus making its height comparable to that of
DipdTFPoe.9 (Fig 6.9b). Although its emission spectrum (Fig. 6.9a) experiences unremarkable
change, purified dTomatoo9 and dTomato-DipdTFPo.6.9 produces a visible colour change (Fig
6.9¢). dTomatoo.69 contains two mutations: F177C and M288L (Table 6.2). M288L is unlikely to
contribute to the change in the spectrum because M288 in the C terminal flexible region that is not
shown in the crystal structure adapted from DsRed structure. F177 is on the B-barrel, pointing
towards the chromophore (Fig. 6.10b). The location makes F177C most likely to cause the
excitation spectral change of dTomato.

Although the affinity issue was not addressed by the mutations accumulated, dTomato-

DipdTFPo.. s better suited than dTomato-DipdTFPo.1.10 for making the FRET ddFP pair.
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Figure 6.10. Important mutations on DipdTFP.

(a) Charge flipping residues: E100 of DipdTFP and R153 of dTomato. (b) The unique mutation in

DipdTFPoe.9, F177C.
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Figure 6.11. The alignment of selected variants in the library saturating position 83.

6.2.4 Characterize DipdTFPy.¢.9 with dTomatoo.s.9

I purified and characterized dTomatoo.s9, DipdTFPos9, as well as the tandem dimer

dTomato-DipdTFPg.¢.9to determine the brightness of them. The absorbance spectrum of dTomato-

DipdTFPoes9 shows comparable peak heights for dTomato and DipdTFP (Fig. 6.12a). The

emission spectra show a slightly blue-shifted emission peak for dTomatooso and dTomato-

DipdTFPy 6.9 when compared to the dTomato control (Fig. 6.12b).
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Figure 6.12. The absorbance and emission spectra of dTomato-DipTFP and controls.

The (a) absorbance spectra and (b) emission spectra of dTomatooess, DipdTFPos9, dTomato-
DipdTFPo69 with controls. The emission spectra of DipdTFPge9, dTomato-DipdTFPoss and
mCerulean were measured with excitation at 420 nm; those of dTomato and dTomatoosg were

measured with excitation at 520 nm.

Through measurement of extinction coefficient and the quantum yield of the purified
proteins, the brightness of DipdTFPo¢9 was calculated to be 17.8, which is lower than that of
cerulean (27.8.) and much lower than that of dTFP0.2 (40.8). dTomatoo.c.9 has a brightness 0f49.3,
which is comparable to that of dTomato (47.6) (Table 6.3). The tandem dimer dTomato-
DipdTFPo..9 has a brightness of 43.0 per two chromophores when the TFP component is excited
and a brightness of 45.3 per two chromophores when the dTomato component is excited. The
difference is very small, indicating a high FRET efficiency.

The brightness numbers obtained shows DipdTFPo¢.9 has a potential to become brighter,
dTomatoo.¢.9 requires no brightness improvement, and the tandem dimer has achieved a improved

brightness.
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6.3 Conclusions and Future work

dTomato-DipdTFPos9 displayed high FRET efficiency as an engineering result of
modifying dTFP0.2 interface to that of dTomato. It is common to disrupt an existing interface
interaction, but rare to build such an interaction for FPs from different origins. The tandem dimer,
as a proof of concept, shows this is possible although obstacles remain to make such dimers into a
FRET ddFP pair. There is the primary challenge of affinity: the charge flipping may need to be re-
introduced and more interface residues need to be examined. The ddFP project by Dr Alford
reflected this part of the engineering to be time consuming and labour intensive. Additionally,
there is the challenge of brightness: Although a brightness of 43.0 for the tandem dimer dTomato-
DipdTFPo.1.10 is acceptable, improvement is still necessary given the low brightness of

DipdTFPoe.9.

6.5 Methods

Directed evolution

The directed evolution procedure is as described by Ai and coworkers3®. The library was
generated by either error-prone PCR or site-directed mutagenesis. The error-prone PCR is
performed on DipdTFP for the first few rounds of directed evolution, and on the tandem dimer
dTomato-DipdTFP for later rounds in a pBAD vector. Error-prone PCR reactions were performed
in duplicate with 15 and 30 uM MnCl; to make a library with two different mutation rates. Products
of the two error-prone reactions are combined for ligation. Site directed mutagenesis was
performed with Agilent lightning site-directed mutagenesis kit following the manufacturer’s
instruction with 1 hour of Dpnl digestion at 37°C. The colonies were picked based on their FRET
response for lysate screening after being cultured in LB with 100 pg/mL ampicillin and 0.02%

arabinose at 37°C overnight. The cells were lysed with BPER reagent from Thermo-Fisher at room
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temperature with vortexing. After spinning at 10K rpm for 20 min, the supernatant is transferred
to a 96-well plate for the excitation and emission measurement in a Tecan Safire2 microplate
reader.
Protein purification and peudo-native gel

ddFP monomers and heterodimers linked to a His tag were expressed by E. coli DH10B
and purified with Ni-NTA as previously described?®®. The purified proteins were run on a 12.5%
polyacrylamide gel without denaturation as previously described?°%3%1, The pre-stained molecular
weight marker (Bio-Rad) was used as a size standard. The gel is excited with the light from a
175 W xenon arc lamp (Sutter). The photons emitted were collected with a Retiga 13001 12-bit
CCD camera (charge-coupled-device camera) (QImaging).
Fast protein liquid chromatography

The oligomeric structure of TFP variants was determined by gel filtration chromatography
as previously described3%®. Samples of the TFP variants were loaded with the size standards (the
monomeric mCherry and the tandem dimer tdTomato3°2. The AKTAbasic liquid chromatography
system (GE Healthcare) can monitor multiple wavelengths. The elution profiles of TFP variants
were monitored at 450 nm; those of mCherry and tdTomato were monitored at 587 nm and 554 nm,

respectively.
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Table 6.1. Lys83 mutation rescued the fluorescence of DipdTFP.
The list of mutations of each variant in the first round of directed evolution of DipdTFP, which aims

to rescue the fluorescence. K83 mutations (bold) were shared among all of them.

\glrrl)zr};;g £ Mutations
0.1.1 K83M
0.1.4 AS57S, K83M, K184E
0.1.5 K831
0.1.7 K83M, M136L, K139N
0.1.9 114F, K83M
0.1.10 K83M
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Table 6.2. The mutations generated by directed evolution or introduced by site-directed
evolution.

Directed evolution (DE) was performed on DipdTFP for first two rounds and the fusion construct
of dTomato-DipdTFP later. Charge flipping on dTomato-DipdTFP was achieved by site-directed
mutagenesis. The flipping was reversed after two rounds of directed evolution. Randomization on

residue 83 was performed and the selected variants contain any of His, lle, or Met at the position

83.
Variants Mutation (dTomato) Mutation (DipdTFP)
0.1.10 None K83M
0.2.3 None M221, A144T
0.2.3 CF RI153E E100R
0.4.28 E153R R100E
0.4.28 83X None M83 to H/I/M
0.6.9 F177C, M228L MS83H, G190V
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Table 6.3. Characterization of dTomatog6.9, DipdTFPos9, and dTomato-DipdTFPg..
The parameters listed are extinction coefficient (€), quantum yield (@), brightness (the product of
extinction coefficient and quantum yield), and brightness of a FRET pair if applicable.

*Data for dTomato and mCerulean were taken from referenced works.

_ ) Brightness | per FRET
Lom-1
& (M~ em™) ¢ (mMecm™) pair
DipdTFP0.6.9 52299 0.34 17.83 NA
dTomato0.6.9 64893 0.76 49.30 NA
dTom-
DipdTFP0.6.9 35891 0.74 26.50 53.01
2 15 (cyan)
dTom-
DipdTFP0.6.9 32435 0.87 28.16 56.33
2 15 (red)
*dTomato3%? 69,000 0.69 47.61 NA
*mCerulean®3! 43000 0.64 27.52 NA
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Chapter 7 Conclusions and future work

In this thesis, I described my work on the genetically encoded K' indicators,
dimerization-dependent fluorescent proteins (ddFPs), dimerization-dependent FRET pair, as well
as indicators for insulin and BDNF described in Appendix. These FP-based tools can potentially

provide opportunities for imaging molecules and protein-protein interactions (PPI) in live cells

7.1. K" indicators: general perspective and the future directions.

As the most abundant intracellular cation, K* plays essential roles in many cell processes®®.
The homeostasis of K* is readily maintained by the Na'/K" pump and other K channels and
transporters to create a steep outward concentration gradient at the resting state of activatable
cells?®®. During an action potential, the voltage-gated Na* channels open to allow Na* ions to enter
the cell along the Na* concentration gradient and produce cell depolarization®%. Subsequently, the
voltage-gated K™ channels open to allow K to exit the cells and repolarize cells while concurrently
the voltage-gated Na* channels close. The action potentials generally last for a few milliseconds>%.
Tools to monitor the transient K* change include the K" specific electrode?!® and the K*
indicators”. The K" specific electrode, although accurate and sensitive, is invasive and time-
consuming. Imaging with K" indicators, on the other hand, is less invasive and more convenient
to use. The small molecule-based K" indicators in general lacks specificity as they often binds Na*
(Ref. 90).

The structural determination of Kbp”*, an E. coli potassium binding protein, provided an
opportunity for genetically encoded indicators described in Chapter 2, 3, and 4. Kbp undergoes a
substantial conformational change upon K" binding, making it suitable for indicator development,

because the conformational change can alter the chromophore environment in genetically encoded

K" indicators.
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In Chapter 2, I described FRET-based potassium indicators KIRIN1 and KIRIN-GR, and
a GFP-based potassium indicator GINKO1 (Ref. 1). KIRIN1 incorporated a mCerulean and
cpVenus FRET pair and allowed a dynamic range (Rmax/Rmin) of 2.3. KIRIN-GR provided an
alternative colour pair of Clover and mRuby?2 but also a lower dynamic range of 1.2. GINKOI1 has
a dynamic range (Fmax/Fmin) of 2.5 and it is more compatible in multiplex imaging, as demonstrated
with a red Ca®" indicator K-GECO.

In Chapter 3, I optimized GINKOI to GINK2a and 2b. Through structural-guided
optimization and directed evolution, GINKO2a and 2b were generated with a better sensitivity and
specificity. They have a dynamic range of ~15 and do not respond to Na" at a concentration up to
150 mM. At the same time, GINKO2a and 2b have a reduced K" affinity (Kq values: 0.42 mM for
GINKOI1, 15.3 mM for GINKO2a, and 9.3 mM for GINKO2b).

The focus of Chapter 4 is on achieving anchoring of GINKOs to the extracellular side of
the plasma membrane. This is important because the extracellular K concentration is critical in

the nervous system?**

. After trying with many leader peptides and membrane anchoring domains,
I found the leader peptide of frizzled protein receptor 7 (Fzd7) led to membrane localization. The
membrane bound GINKO2a failed to respond to K™ and required further troubleshooting. I tested
on potential sites for N-glycosylation, disulfide, and phosphorylation. There is a lack of evidence
that these post-translational modifications cause the loss of GINKO function. Using SpyTag and
SpyCatcher, I succeeded on anchoring purified SpyTag-GINKO2a protein to the membrane of
HeLa cells expressing SpyCatcher. However, substantial reduction of GINKO2a was observed,
suggesting the membrane environment a possible cause for the lack of K' response of the

membrane bound GINKO2a. This lack of function can be caused by an inappropriate orientation

or link length that restrict the conformational change that necessitate the fluorescence change,
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potential Kbp interaction with membrane components, or unwanted Kbp modification by
membrane enzymes.

To make the membrane bound GINKO2a functional, I propose several approaches: altering
the SpyTag construct to test whether the orientation and linker length make a difference; testing
for proteolytic events on the membrane; targeting GINKO to the endoplasmic reticulum and the
Golgi apparatus to examine whether the functional loss occurred earlier in the secretory pathway;
and trying different leader peptides.

At the same time, the affinity of GINKO2a also needs to be addressed for extracellular K*
concentration. The site saturation on the sites identified by proline scan may yield variants with
stronger affinity. Directed evolution is also an effective approach demonstrated in previous work

on GECIs*748:62,

7.2 ddFPs and DipdTFP: general perspective and future directions

Detection of protein-protein interactions (PPIs) is a common theme in biomedical research.
FRET pairs’®” and bimolecular fluorescence complementation’® (BiFC) are examples of
techniques for PPI detection in live cells. As an alternative, ddFPs were developed in three colours:
red (ddRFP), yellow (ddYFP), and green (ddGFP)?*°*%. Every ddFP pair contains a fluorescent A
copy and a dark B copy. They can form heterodimers of which the fluorescence intensity is
enhanced by the dimerization. Fluorescent protein exchange (FPX) was developed when the B
copy of ddRFP can bind to the A copies of ddRFP and ddGFP with similar affinity?*®. The triple-
ddFP design allows ratiometric detection of protein-protein interactions.

The main goal of ddFP optimization is to increase the brightness of ddFP. Using rounds of
directed evolution, new variants of ddRFP and ddGFP presented improved brightness on the agar

plate and in the cell lysate. ddRFP; 7.6 (the 16™ colony picked in the 7™ round of optimization)
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showed 60% improvement on the brightness and ddGFP 433 showed 30% improvement on the
brightness. The new variants were tested in mammalian cells, but the improvement was not
sufficient to show a difference.

DipdTFP was generated from an attempt to make FRET-based dimerization dependent
fluorescent proteins. The external residues of dTFPo» were replaced by those of dTomato
according to alignment. The resulting protein, DipdTFP, showed a remarkable FRET response
when fused dTomato. However, the pair was challenged by a high homodimeric affinity and a
heterodimeric affinity. Further engineering reduced the brightness of dTomato that resulted in
similar excitation intensities for Dipd TFP and dTomato.

Further engineering efforts on ddFP and DipdTFP are required to achieve ddFPs with
improved brightness and a dTomato/DipdTFP pair with lower affinity for dimerization. Successful
engineering of these dimerization-dependent fluorescent proteins can potentially lead to new tools

for detecting protein-protein interaction or reporter domains for new biosensors.
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Appendix: Progress towards insulin and BDNF biosensors

Introduction

As an effort to expand the toolkit of genetically encoded fluorescent biosensors, I explored
novel binding proteins for new biosensors including the insulin biosensor and the brain derived
neurotropic factor (BDNF) biosensor.

Insulin is among the most important metabolic molecules and plays an essential role in
regulating blood sugar in the human body*®. After sensing elevated blood glucose level, the B cells
of pancreatic islets secrete insulin to facilitate blood glucose uptake and metabolism to reduce the
level of blood glucose. Diabetes arise when cells become insensitive to insulin or insulin secretion
is compromised. The population affected by diabetes is increasing globally and this leads to an
increasing financial burden for both individual families and the society®'?. As a result, diabetes
research is attracting research attention and has shown to be a worthwhile investigative pursuit.
An insulin biosensor has the potential to aid diabetes research by providing a tool to monitor insulin
secretion and localization in the tissue.

For such a biosensor, an insulin binding protein with specific insulin molecule binding
capacity is required to detect the presence of insulin. The binding proteins used in this project
include the human insulin receptor (hIR) and the insulin degrading enzyme (IDE)*'*3!2, The human
insulin receptor forms homodimers on the membrane, with each monomer formed by an
extracellular a subunit and a transmembrane B subunit linked by a disulfide bond**. Two aof
monomers are covalently linked by another disulfide bond to form the homodimer (Fig. 1a). The
dimerization is important to facilitate the conformational change upon insulin binding to activate
its B subunit tyrosine kinase domain in the cytoplasmic aspect of the membrane. Previous crystal
structures have revealed global conformational changes at both extracellular and intracellular sides
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that can utilized by a biosensor®'*3*3, Unlike hIR that needs to be expressed in eukaryotic system,
the human insulin degrading enzyme (IDE) is a cytosolic homodimer and can be expressed in E.
coli?*. Tt also undergoes substantial conformational change according to a structure study with
cryo-EM. The N-terminal domain and the C-terminal domain of the IDE forms a clamp that closes

upon insulin binding (Fig. 1b). This change makes it an ideal binding protein for insulin.

Fnlll-1

insulin

Figure 1. Structural illustration of the insulin receptor and the insulin degrading enzyme.

(a) The scheme of hIR above the membrane. The C-terminal part of Fnlll-2 and the entire FnlII-3
are on the P subunit. L1 (leucine-rich repeat domain 1), CR, L2 (leucine-rich repeat domain 2), FnllI-1,
aCT, and the N-terminal part of Fnlll-2 form the o subunit. The homodimer of hIR forms an “A” shape
above the membrane with CR and L1 interact with the aCT from the other a subunit. (b) IDE is a
homodimeric cytosolic protein with well defined N-terminal domain and C-terminal domain. Binding of

insulin shifts the equilibrium towards the closed form.
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Like insulin, BDNF is also of physiological importance. As a nerve growth factor, BDNF
binds TrkB3!* or the low-affinity nerve growth factor receptor®® to stimulate nerve growth, which
supports the existing neurons and promotes the growth and the differentiation of new neurons3?®.
BDNF has also been reported to play a role in signal transmission®Y. It is of interest for researchers
because it plays a role in schizophrenia, depression, Alzheimer’s, and aging3!”**%, A biosensor for
BDNF can provide a support for research on these conditions and could help to elucidate key
mechanisms in neurophysiological compromise. The binding protein for BDNF is its pre-peptide.
BDNF precursor is cleaved after its pre-peptide for maturation®*®. The pre-peptide cleaved off
during post-translational modification is reported to bind to the mature BDNF, making it an

excellent binding domain for a BDNF biosensor.

Results

Building a FRET-based insulin biosensor with the human insulin receptor

Inspired by a BRET insulin biosensor®®, the prototype construct of the insulin biosensor is
built with the entire insulin receptor. A cpVenus or a mCerulean was linked at the C-terminus of
the receptor in a mammalian expression vector (Fig. 2). Because hIR is membrane bound, the
constructs were made in a mammalian vector to be tested on cell membrane directly. With co-
transfection in mammalian cells, 50% of the dimers are cpVenus-hIR and mCerulean-hIR
heterodimers assuming equal expression. Both cpVenus-hIR and mCerulean-hIR localize on the
membrane. The images before and after adding insulin show a small but significant difference with
the YFP to CFP ratio. This suggests that the conformational change at C terminus upon insulin
binding is not substantial but enough to induce a detectable FRET change (Fig. 3). This FRET

design has limited room for optimization because the hIR has a size of 1392 residues and only half

198



of the expressed proteins form heterodimer. Future effort will be dedicated to development of a

design with smaller size with high sensitivity.

mCerulean-hIR hiR mCerulean
FRET-hIR

cpVenus-hiR (T W) cpvenus

FRET-aCT-L1-CR mCerulean aCT L1 CR cpVenus

NCPEGFP-aCT-L1-CR

NPEGFP-aCT-L1-CR
FRET-IDE mCerulean IDE cpVenus
ncpEGFP-BP EGFP-N BDNF prepeptide EGFP-C

CPEGFP-BP

Figure 2. Construct designs for the insulin biosensors and BDNF biosensors
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Figure 3. FRET-hIR on the membrane shows a small difference upon insulin binding.
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The imaging was taken with YFP channel and CFP channel. Assuming YFP remains unaffected by
FRET efficiency, a decrease in CFP to YFP ratio suggests a more efficient FRET as more photons are
emitted as yellow light instead of cyan light, which is not detectable in the CFP channel.

Building an insulin biosensor with only the binding domain of the human insulin receptor
Research on the hIR suggests that the binding domain can bind to insulin without the rest
of the hIR31%313321 The aCT-L1-CR domain (Fig. 1a) of the o subunit alone could be purified
according to structure studies and I designed several constructs that incorporate the aCT-L1-CR
domain: a FRET construct with aCT-L1-CR flanked by mCerulean and cpVenus, a ncpEGFP
construct with aCT-L1-CR flanked by EGFP N-terminal part and EGFP C-terminal part as in
GINKO, and a cpEGFP construct with cpEGFP flanked by aCT and L1-CR as in GCaMP (Fig.
2). Because the aCT-L1-CR domain is in the extracellular part of hIR and requires additional work
to target the membrane, all biosensor constructs were made in pPBAD vector for E. coli expression.
The purified mCerulean-aCT-L1-CR-cpVenus shows similar mCerulean and cpVenus emission
peak heights when excited at 410 nm. The ratio of the two peaks remains unchanged after the
addition of excess amount of insulin, but the overall fluorescence intensity is repressed by insulin
for unknown reasons (Fig. 4b). Conversely, the emission spectra of ncpEGFP aCT-L1-CR shows
no substantial intensity change with the addition of insulin (Fig. 4a). The cpEGFP design did not

provide a better result (Data not shown).
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Figure 4. The emission spectra of insulin biosensors incorporating the binding domain of

the insulin receptor.
The spectra of (a) ncpEGFP aCT-L1-CR and (b) FRET-aCT-L1-CR with and without addition of

0.1 mg/mL insulin.

Building an insulin biosensor with the insulin degradation enzyme

The insulin degrading enzyme (IDE) is an alternative insulin binding protein [ used to build
an insulin biosensor. A FRET design is an ideal start for this binding protein as the distance
between its N and C termini changes substantially upon insulin binding*** (Fig. 2). mCerulean-
IDE-cpVenus does not respond to insulin according the insulin titration experiment (Fig. 7.5). I
proposed the cause of this to be degradation of insulin by the active IDE. To address this concern,
I made E111Q at IDE active site, as suggested by previous studies'>**2, to inhibit the catalytic
activity of IDE. The insulin titration of mCerulean-IDE E11Q-cpVenus suggests the E111Q

mutation is not sufficient to recover biosensor function (Fig. 5).
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Figure 5. The insulin titration for FRET-IDE biosensor wildtype and the variant with

E111Q

Building a BDNF biosensor with the BDNF pre-peptide

The BDNF biosensors was built with cpEGFP and ncpEGFP as illustrated (Fig. 2). Both
cpEGFP-BP(BDNF pre-peptide) and ncpEGFP-BP were tested with BDNF purified in the lab.
There is no substantial change according to the spectra (Fig. 6). This can be explained by the lack

of conformational change of BDNF pre-peptide upon BDNF binding.

Conclusion

Insulin and BDNF are both pertinent biomolecules. Insulin regulates blood sugar and
BDNF promotes neuron growth and differentiation. Insulin binding proteins used for the
development of insulin biosensors include the human insulin receptor’?® (hIR) and the insulin
degrading enzyme?®'? (IDE). The full hIR has been reported in a BRET insulin biosensor®?. T used

the same design with a mCerulean3/cpVenus FRET pair to make hIR-mCerulean3 and hIR-
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cpVenus, but the resulting indicators were not effective, partially because only half of co-expressed
hIR proteins form heterodimers. Later, a binding domain containing L1-CR-aCT of hIR was used
to build smaller indicators that cannot dimerize. These indicators failed to respond to insulin. An
IDE-based FRET indicator was also generated but similarly failed to respond to insulin. The BDNF
indicators were developed based a BDNF pre-peptide. Both cp- and ncpGFP were used but neither

produced indicators that responded to BDNF.
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Figure 6. Spectra of BDNF biosensors.

(a) The emission spectrum and (b) the excitation spectrum of cpEGFP-BP with (solid lines) or
without (dashes) shows a very small difference in spectra. (c) The emission spectrum and (d) the excitation
spectrum of ncpEGFP-BP with (solid lines) or without (dashes) shows very low intensity due to low yield

of purified protein.
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Although the work on insulin indicators and BDNF indicators did not yield intended
indicators, designing and creating the constructs was not a fruitless effort. With future research
efforts and different angles of approach, the development of functional insulin and BDNF
indicators is likely within reach. Developing a practical genetically encoded biosensor takes many
steps: designing the constructs, testing first constructs, optimizations, and testing in cells and in
vivo. It is common for prototype indicators to not be effective enough for further pursuit. Indicator
development involves many trials and errors before generating working indictors. Considering the
potential impact of effective insulin and BDNF biosensors, the development of these biosensors

can be resumed when appropriate binding domains are identified.

Methods

Creating DNA plasmids

The FRET-hIR constructs were made based on an available hIR-GFP construct in a
mammalian vector (Addgene #: 22286) by replacing GFP with mCerulean or cpVenus with Gibson
assembly of vector and insert fragments amplified with Q5 polymerase.

Overlap PCR was used for construction of aCT-L1-CR constructs with cpEGFP, ncpEGFP,
or FRET design. The complete linear fragments were inserted into a pBAD vector for expression.

Mature BDNF DNA fragment was ordered through the IDT. The synthesized DNA
fragment was amplified by Q5 polymerase before being inserted into a pBAD vector for expression.

The BDNF pre-peptide (BP) sequence was cloned from a mammalian human BDNF vector
from Addgene (Addgene #: 73036) with Q5 polymerase. The ncpEGFP fragments were cloned
from GINKO1 and the cpEGFP fragment was cloned from GCaMP6s. The fragments were Gibson

assembled into a pBAD vector for expression.
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