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ABSTRACT

The fluorescence imaging toolkit has continuously accelerated biomedical research.
While a number of fluorescent biosensors are now available for studying the
spatiotemporal regulation of signaling networks, it remains challenging to achieve
multiplexed sensor imaging and imaging in more complex biological systems such as live
animals.

Although most Zn** ions in our bodies are immobilized within proteins, less tightly
bound Zn?" has emerged as a key modulator in biological systems. In the brain, Zn** is
concentrated into presynaptic vesicles and released into synaptic clefts along with other
neurotransmitters such as glutamate. Synaptically released Zn** modulates brain
excitability through its interaction with surface receptors of neurons. In the pancreas, Zn?*
secretion from B-cells in islets is an indicator of insulin secretion and the functional potency
of islets. Previous studies have reported a number of genetically encoded Zn?" indicators
(GEZIs), which have been widely used to monitor Zn?* in the cytosol and intracellular
organelles. However, it is challenging to localize existing GEZIs to the extracellular space
to detect secreted Zn?". In the second chapter, I describe two photostable, green fluorescent
protein (GFP) based indicators, ZIBG1 and ZIBG2, which respond to Zn?* selectively and
have affinities suited for detecting Zn** secretion from intracellular vesicles. In particular,
ZIBG2 can be effectively targeted to the extracellular side of plasma membrane. We
applied ZIBG2 to monitoring glucose-induced dynamic Zn?" secretion from human
pancreatic islets. In addition, we developed novel GEZIs with fluorescence excitation and

emission in the far-red region of the visible spectrum. We expect these new tools will be
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particularly useful for in vivo imaging due to reduced phototoxicity and increased deep

tissue penetration.

Imaging of serotonin, a crucial signaling monoamine playing important roles both
within and outside the central nervous system, has been difficult. We fused a circularly
permuted green fluorescent protein (cpGFP) with a serotonin-binding protein. Structure-
guided mutagenesis and library screening yielded Green Genetically Encoded Serotonin
Sensors (G-GESSs). G-GESSI1 has proven to be a robust indicator for visualizing serotonin
dynamics in vitro as well as in live cells and tissue. To validate the G-GESS fluorescent
biosensors in complex biological systems, we applied G-GESS1 in brain tissue imaging
and live mice imaging. We were able to capture the transient release of serotonin utilizing
G-GESSI. Research is ongoing to continue the characterization of G-GESSI.

Compared to green fluorescent protein (GFP) based biosensors, red fluorescent
protein (RFP) based biosensors are inherently advantageous because of reduced
phototoxicity, decreased autofluorescence, and enhanced tissue penetration. However,
there is a limited choice of RFP-based biosensors and development of each biosensor
requires significant effort. In the fourth chapter, we describe a general and convenient
method, which uses the genetically encoded amino acid, 3-aminotyrosine (aY), to convert

GFPs and GFP- based biosensors into red.
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Chapter 1

Overview of Genetically Encoded Fluorescent Biosensors

1.1. INTRODUCTION

Biosensors are essential tools for elucidating functions and dynamics of living
organisms. To date, many types of biosensors with various readouts have been developed,
and fluorescent biosensors are among one of the most widely used options. In particular,
genetically encoded fluorescent biosensors stand out because of their biocompatibility and
low toxicity. In this chapter, I summarize different types of genetically encoded fluorescent

biosensors with focuses on development strategies and their applications.

1.2. FLUORESCENT PROTEINS

In 2008, the Nobel Prize of Chemistry was awarded to three prominent scientists
for their discovery and development of green fluorescent protein (GFP), a uniquely
structured protein with a spontaneously-formed chromophore situated in the center of a -
barrel (Figure 1). In addition to GFP, a large number of FPs have been discovered or
engineered in the past two and a half decades. This unique protein family has drawn great
attention, especially for applications in cell labeling and biosensing.

Currently, the term “fluorescent proteins” has been utilized to describe two major
types of proteins: those producing inner chromophores through post-translational

modification and those binding small-molecule chromophores from the surrounding.



1.2.1 Prototypical Fluorescent Proteins

Most prototypical FPs were initially discovered in marine organisms.! GFPs, the
first series of FPs discovered, are by far the most developed fluorescent proteins. The
brightness, folding, and photostability have been improved dramatically through directed
evolution.? By changing the amino acids of and surrounding the chromophores, researchers
were also able to change the emission wavelengths of FPs.? %> Since then, the broad range
of the FPs spectrum has taken advantage of both Forster resonance energy transfer (FRET)
imaging and multicolor imaging. In the past decades, endless efforts have been put into
engineering bright and photostable FPs for tissue imaging. There has been tremendous
improvement in this area.’ The advantage of longer wavelengths in emission is to have
less scattering and less absorption by endogenous molecules in vivo. In living tissue, red
or even near-infrared fluorescent proteins would be ideal for imaging thick samples such
as brain tissues. Another improvement is the development of FP variants that are better
suited for different cellular compartments through protein engineering: for example,
removing redox-sensitive amino acids to make the FPs less redox sensitive;® 1 Or changing
the pKa of FPs to make the FPs suitable for acidic organelles.!!> 12 FPs engineered to these
ends have provided tremendous possibilities in the development of biomarkers because of
their optimized properties.

The first category of prototypical FPs includes the most widely used FPs. In the
early 21 century, Tsien’s lab and other scientists expanded the emission wavelengths of
FPs across the visible spectrum. Subsequently, scientists are trying to develop FPs with

more red-shifted emissions to allow better deep-tissue imaging.
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Figure 1. The structure and chromophore of Green Fluorescent Protein. GFP is
composed of two major parts: the B-barrel and the chromophore. The protective [3-
barrel structure serves as a shield against environmental damages to the
chromophore in the center, which is formed through post-translational modification.

1.2.2 Nonprototypical Fluorescent Proteins

The first type of nonprototypical FP was engineered from flavin mononucleotide
binding proteins, which can be found in bacteria, plants, and fungi. The protein families
have specific regions named light oxygen voltage-sensing (LOV) domains that bind the
cofactor flavin mononucleotide (FMN). LOV domains are weakly fluorescent under UV
illumination.!3 The first generation of FMN-binding FPs (FbFPs) was made using
mutations to interrupt the covalent interaction between the FMN and surrounding

residues.'* 13

Further efforts have been put into FbFPs to yield better photoproperties.!é: 17

Interestingly, one variant of the FbFPs, named miniSOG, plays a role as the fluorescent



singlet oxygen generator.'8

Compared to prototypical FPs, FbFPs suffer from lower brightness and
photostability. However, they have the advantages of fast turn-on fluorescence, being able
to be fluorescent without oxygen, and small in sizes. To date, most of the FbFPs serve as
markers in hypoxic or anoxic environments. !>

Another type of nonprototypical FPs named UnaG, first characterized by Kumagai
et al., can bind bilirubin reversibly and give a green fluorescence.!®?° This FP is brighter
and smaller than GFP, can be expressed in hypoxic conditions, and is not pH sensitive in
physiological ranges.

One of the significant achievements of nonprototypical FPs is the engineering of a
full-length bacteriophytochrome (DrBphP) with a single mutation (D207H) to yield a
fluorescent protein with a near-infrared emission.?! Shu et al.?> chose to limit the
engineering of DrBphP to its chromophore-binding domain (CBD) and further developed
a variant of the wild type DrBphP, named IFP1.4, which was expressed in mice to show
spectrally deconvoluted liver fluorescence. To improve the brightness of fluorescent
proteins in the near-infrared region, Filonovet al.?> used another template,
bacteriophytochrome RpBphP2. Using a similar process of domain selection and protein
engineering, they were able to create an FP named iRFP. Recently, growing numbers of
nonprototypical FPs have been developed using different bacteriophytochromes through
protein engineering.?+

Nonprototypical FPs provide significant advantages over prototypical FPs because
of their more red-shifted spectra. This creates possibilities in deep-tissue imaging and

displays less background when imaging in vivo. They do have disadvantages, though, due
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to a lack of further optimization. Nonprototypical FPs are far less bright than prototypical

chromophore FPs. Another drawback of nonprototypical FPs is that they have weak
specificities for biliverdin and thus require exogenous biliverdin or co-expression of

biliverdin-generating heme oxygenase for efficient fluorescence (Figure 2).22

Figure 2. Schematic representation of biliverdin chromophore
based fluorescent proteins. Biliverdin (BV), can be endogenously
produced and bind with DrBphP. Though multiple rounds of
directed evolution, BV and the protein are tightly bound and thus
improving the efficiency of photon release.

Rhodopsin proteins work as light-dependent ion channels. Rhodopsins covalently
bind retinal as a nonprototypical chromophore with very weak fluorescence in the near-
infrared region. Because of its broad spectrum in absorbance, rhodopsin pairs perfectly
with most of the red fluorescent proteins as a FRET acceptor.

For comprehensive properties of fluorescent proteins, please refer to
https://www.fpvis.org/, a community-editable fluorescent protein database, which catalogs

an expanded range of FPs.



1.3. FLUORESCENT PROTEIN BASED BIOSENSORS

Sensors are utilized in different experimental setups and targets of typical
requirements. However, several general categories of sensors have been developed.

The selectivity and sensitivity toward their target of interest can be critical when
designing sensors. The typical binding motifs of the sensor construct must bind the analyte
of interest with specificity and a broad dynamic range. Another concern in engineering a
sensor is whether it will interrupt the microenvironment, either by consuming the substrate
itself or by influencing the downstream signaling pathways. The criteria to distinguish good
from bad sensors are usually determined by kinetics, affinity, sensitivity, specificity,
photostability, and reversibility. For quantitative sensors, the fluorescence readout must be
ratiometric, either in excitation or emission. If changing in the concentration of the sensing
target of interest only induces a fluorescence change in a single wavelength, such a sensor
may not be suitable for quantification purposes. When applying sensors in tissue imaging
or in vivo imaging, the quality of the results also relies heavily on the signal-to-noise ratio
(SNR). SNR is the difference between the detectable range of signals and the noise of
instruments and autofluorescence in tissue. More advanced imaging techniques are used in
in vivo imaging to increase the SNR and resolution.?”-?® As a result, such experiments rely

on whether the sensors are suitable for such advanced techniques.

1.3.1 Forster Resonance Energy Transfer (FRET) Based Sensors
A FRET sensor typically requires three parts: the donor fluorophore, the acceptor

fluorophore, and the sensing domain. When the two chromophores are physically close
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enough and are situated in a preferable orientation, the FRET efficiency would be high.

The extent of energy transfer can be determined either by detecting the fluorescence
emitted from the acceptor fluorophore or by measuring the decrease in the fluorescent
lifetime of the donor fluorophore.

FRET is commonly used in sensor constructs. First, FRET gives a ratiometric
readout, ideal for quantitative measurement. Second, FRET sensors are easier to engineer.
The disadvantages, however, are that FRET sensors often have a low dynamic range and
their broad spectrum limits the use of other sensors with FRET sensors simultaneously.

Two factors must be taken into consideration when constructing a FRET sensor.
The first factor is the spectral overlap between the donor FP emission and acceptor FP
absorption. The second is a conformational change in the sensing proteins that alter the
proximity and orientation of the donor and acceptor FPs in response to the change of

analytes of interest.

1.3.1.1 Intramolecular FRET Sensors

The type of intramolecular FRET sensors is the most used FRET construct. It
contains the donor and acceptor FPs fused at the N’ and C’ terminus of an interaction region.
When there is a dynamic change of the analyte, there will be a conformational change in
the interaction region. This alters the proximity and orientation of the two FPs and further
changes the FRET efficiency (Figure 3). The quantification of FRET sensors is calculated
as the ratio of FP fluorescence intensity in the acceptor to the donor. The concentration of

the analyte of interest may be determined by plotting the FRET ratio into the standard curve.
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The major advantage of intramolecular FRET sensors is that they are suitable for

quantitative measurements. The disadvantages of intramolecular FRET sensors are quite
obvious: First, they have a low dynamic range; the high baseline of FRET originating from
tethered fluorophores, which is larger than with single FP sensors, may not be suitable for
some cellular compartments. Second, the broad spectrum overlap with other colors of
sensors may make it challenging to monitor the dynamics of two analytes at the same time.

Meanwhile, the FP pairs suitable for FRET imaging are limited because of the
FRET efficiency, brightness, and photostability. A typical FP pair for FRET is cyan
fluorescent protein and yellow fluorescent protein. Recently, the successful engineering of
a super bright red fluorescent protein, named mScarlet, has created the possibility of a
green fluorescent protein and a red fluorescent protein pair.?

The first intramolecular FRET sensor is the well-known Ca?" sensor, named
Cameleon.’® Cameleon is the first genetically encoded Ca?" sensor that enables the
monitoring of Ca?" dynamics in different cellular compartments of HeLa cells. Since then,

countless intramolecular FRET sensors have been engineered.’! *2

Recently, a unique
scaffold for Zn** imaging, named eZinCh-2, was engineered. Instead of using sensing
domains between the FP pairs, Hessels et al. used two out of four Zn?* binding residues on
the outsides of Citrine and Cerulean FPs to trigger the conformational change upon binding
with Zn?" 3

Intramolecular FRET sensors are also widely used in FRET-opsin and QuasAr2
voltage sensors.>**¢ These sensors utilize rhodopsin as a non-fluorescent FRET acceptor

for different fluorescent proteins, and they monitor the changes in fluorescence of the

FRET donors in the form of membrane potential change. This type of FRET sensors has
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drawn tremendous interest recently. Many FRET-opsin based voltage sensors have been

developed, and the colors of the sensors have been expanded toward the red wavelength.?”-
38

Another extensive use of intramolecular FRET indicators is to monitor the
dynamics of protein kinases. Because of the relatively significant conformational changes
in the process of phosphorylation, it is relatively easy to engineer genetically encoded

sensors where a change in conformation occurs in response to signaling.3-#

~ \\

\\ \\\ /1
0% VANPAN
Signals *f‘\\“\\ /
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Figure 3. Schematic representation of intramolecular FRET sensors. Upon
binding with the target of interest, the sensing domain would undergo
conformational change, resulting in the change of proximity between the
FRET pair, and eventually alter the FRET efficiency.

1.3.1.2 Bimolecular FRET Sensors
Bimolecular FRET sensors are primarily developed to sense signaling, such as

signal-dependent clustering or receptor dissociation. Bimolecular FRET sensors consist of
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two interactive domains linked separately to a FRET pair. They yield a high FRET ratio

from the interaction of the two sensing domains. Similar to intramolecular FRET sensors,
bimolecular FRET sensors possess the ability of ratiometric and reversible fluorescence
change, and they have a higher dynamic range than intramolecular FRET sensors, because
of the separation of the FRET pairs.*’

Some bimolecular FRET sensors are designed to form large clusters. This leads to
signal amplification, but it reduces the quantitative power of the observed signal change,
as the ratio of the acceptor to donor fluorophores does not remain the same. Another
disadvantage of bimolecular FRET sensors is that they require two separate vectors and
express both in cells. This may result in different expression levels between the two parts
of the sensors. Recently, a G-protein coupled receptor (GPCR) based sensor was developed
to measure the activation of the G-protein complex in cells.*s The sensor consists of a Gail,
Gai2, or Gai3 subunit attached to mTurquoise2, and Gy2 fused to cpl73Venus. It was
shown to rapidly detect G-protein dispersion induced by the activation of six different G-
protein-coupled receptors. Another example was a FRET-based sensor that took advantage
of the significant conformational change of inner loop three of GPCR, using M1-, M3-,
and M5-acetylcholine receptors to monitor the acetylcholine dynamics in cells.*”-*® Other
bimolecular FRET sensors have been developed to detect the plasma membrane

localization and the clustering of protein post-translational modifications.**>°

1.3.1.3 Cleavage FRET Sensors
Cleavage FRET sensors are suitable for monitoring the activities of proteases.

Cleavage FRET sensors are constructed by pairing the FRET donor and acceptor on either
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side of a linker that has a substrate cleavage site for a specific protease. The FRET ratio of

cleavage sensors can be high because the protease separates the two FPs. Although
cleavage FRET sensors are easy to design, their disadvantage is obvious: the FRET
changes are irreversible, and these sensors cannot monitor the dynamics of enzyme
activities.

Cleavage FRET sensors have been developed for viral proteases, matrix
metalloproteases, and caspases. Recently, a caspase-3 sensor was developed for in vivo

imaging using mKate2 or eqFP650 and iRFP.!

1.3.1.4 Homo-FRET Sensors

Homo-FRET is a rare type of FRET in which the donor and accepter consist of the
same fluorophores. With homo-FRET sensors, the fluorescence change is measured
through anisotropy changes, rather than spectra differences. Homo-FRET sensors are less
restricted than other FRET sensors for the selection of fluorescent protein pairs. Another
advantage is that single-color sensors are more suitable for multiplex imaging. The
disadvantage is that the homo-FRET sensors are more difficult to image and quantify. To
date, a few homo-FRET sensors that monitor the dynamics of NADPH/NADP"*, Fe-S

clusters and 3’-phosphoinositides have been developed.>?*

1.3.2 Single Fluorescent Protein Based Sensors
With the drawbacks of FRET-based sensors, such as their broad spectral profile
bandwidths and low dynamic ranges, monitoring multiple targets and more complicated

organelles is challenging. In comparison, genetically encoded sensors using single



12
fluorescence as readouts are more versatile than FRET sensors and have been extensively

developed recently.

Compared with FRET sensors, single FPs are smaller in size, require narrower
spectral bandwidth, and can be applied to a broader range of fluorescence from blue to
near-infrared. They also often have higher dynamic ranges than FRET sensors. One of the
drawbacks of single FP sensors is that many of them are intensiometric and, therefore, can
sense only relative changes. Nonetheless, this issue can be addressed by using the
excitation ratiometric change of GFPs, as the chromophore contains both protonated and
deprotonated forms. There are two primary constructs of single FP sensors. The first
requires only an FP itself and exploits a natural sensitivity of the FP to the target. The
second, and more popular construct, is to attach the sensing/binding domains of the target
of interest onto the FP to modulate its fluorescence. A major example of the first construct
is to substitute the chromophore of wild type FPs with non-canonical amino acids (ncAAs),
mainly tyrosine analogs. These tyrosine analogs are chemically sensitive to analytes such
as H>S and reactive oxygen species (ROS).>> ¢ For the second construct, the optimizable
elements are similar to those of FRET sensors, consisting of an FP, an interaction or
binding domain, and linkers. These sensors use a circularly permuted version of FPs. This
provides a new open-cut that is close to the chromophores of the FPs, so it allows protein
fusion onto the termini to effectively manipulate the solvent and oxygen accessibility of
the chromophore. Some sensors are attached with reference FPs onto the c-terminus of the
sensors, which is distant from the sensing part, to provide an internal control for ratiometric

imaging.
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1.3.2.1 Intrinsically Sensitive Single FP Sensors

The chromophore of FPs is usually sensitive to the microenvironment, such as pH,
and it may be reactive to some ROS. The protonated chromophore of FPs has a massive
blue shift in absorption, with very dim fluorescence at standard excitation wavelengths. In
this case, the first and very successful intrinsically sensitive single FP sensors are pH
sensors.>’>? In 2012, a red version of pH-sensitive FP was developed, it enables multiplex
interrogation of synaptic activity.®

Rational design and random mutagenesis of residues surrounding the chromophore
can alter the spectral properties and change the chromophore pKa to become more or less
sensitive to physiologically relevant pH. By further optimizing the pH-sensitive FPs,
ratiometric pH sensors have been successfully engineered as well.6!-6*

High concentrations of halides can induce changes in chromophore pKa, leading to
intrinsic FP sensors for chloride and iodide.%*

Some FPs are extremely sensitive to metals. Copper can efficiently quench
fluorescence in native iLOV and in GFPs that were engineered to have metal-binding
ligands on their exterior.%>%7 Another intrinsic FP sensor that is sensitive to copper utilizes
the metal-chelating ncAA L-DOPA. L-DOPA was incorporated into the chromophore of a
green fluorescent protein to replace the tyrosine.®® Hg?" has been shown to induce turn-on
fluorescence upon binding different FbFPs and GFPs, but it inhibits the fluorescence of
IFP1.4 by blocking biliverdin binding.®>7! Interestingly, IFP2.0 derived from IFP1.4 is
sensitive to singlet oxygen as the ROS may also interrupt the biliverdin binding.”? Another
group of intrinsic FP sensors is based on the reaction between the chromophore and the

analytes of interest. Chen et al. developed the first genetically encoded, reaction-based HoS
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sensor. The authors genetically modified the chromophore with the azide-containing

structure. In the presence of HoS, the azido functional group would be reduced to an amine-
containing matured chromophore.>®> Based on the same idea, a reaction-based H»S sensor
was developed to further optimize the sensitivity, selectivity and dynamic range, while a
sensor with ratiometric change has been recently developed to quantify the concentration
of H2S.7*-7* A peroxynitrite (ONOO") sensor was developed based on the reaction between
ONOO" and the boronic analog of the chromophore tyrosine.>® The reaction-based sensors
are relatively easy to develop in terms of design, and they are robust in monitoring the
release of analytes. However, the major drawback is that reaction-based sensors are

irreversible and thus cannot monitor the dynamics of the target of interest.

1.3.2.2 Conformational Change-based Single FP Sensors

Single FP sensors based on conformational change are FPs fused with the binding
domain of the target. When the binding domain binds the target of interest, the
conformational change modulates the solvent and oxygen accessibility of FPs fused with
the binding domain. As a consequence, this changes the fluorescent intensities of the FPs
(Figure 4). Depending on how the microenvironment surrounding the chromophore
changes, these sensors can be either intensiometric (turn on or off) or ratiometric
(excitation or emission spectra). There are two primary constructs of conformation-based,
single FP sensors. In the first, a circular-permuted FP is inserted into one of the loops of
the binding domain. In the second, the intact binding domain is fused into the loop of the
FP that is adjacent to the chromophore. Conformation-based, single FP sensors have

blossomed in the past two decades. This includes the most famous series of Ca®* indicators
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such as the GCaMP family (with the most recent GCaMP7) and the GECO family with

optimizations in dynamic range, sensitivity, kinetics, and multiplex imaging.”>”® Another
broad family of conformation-based, single FP sensors is Escherichia coli periplasmic
binding protein-based (PBP-based) sensors. Because the PBP family exhibits a massive
conformational change between the apo and the bound state, it is an ideal family of targets
for sensor engineering. Meanwhile, PBP families have been identified to bind a wide
variety of ligands, including some crucial ligands that are involved in brain signaling and
metabolism.®® The most important of these is iGluSnFR and its variants.?!- 82

Another rising family of genetically encoded sensors are G-protein coupled
receptor-based (GPCR-based), single FP sensors (Figure 4). Although the idea of taking

advantage of the conformational change at intracellular loop three can be dated to 2011,%

"""’n Signals
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Figure 4. Two major platforms of single FP based sensors. A) cpGFP fused with sensing
domains. B) cpGFP inserted into GPCR. The conformational change would lead to the
change in microenvironment of the chromophore, resulting in the change in
fluorescence intensity.

the FRET-based sensors have been suffering from low dynamic range and thus cannot be

used for in vivo experiments. Recently, Li and Tian’s labs have made dramatic progress on
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GPCR-based, single FP sensors for acetylcholine and dopamine, and these sensors are

robust in live-mouse imaging with fast kinetics and high dynamic ranges.?*-#°

1.4. ENGINEERING OF GENETICALLY ENCODED SENSORS

Single FPs and FRET sensors share some strategies in design and optimization. For
most sensors in these two categories, the components include FP, binding domain, and
linkers between different parts. Optimizing the length and components of linkers can be
crucial. Saturation mutagenesis is often applied to create genetic libraries for the
improvement of sensors. However, the two types of sensors have some major differences.
One difference is the choice of FPs. In designing FRET sensors, the FP pair is determined
by the spectral overlap between the emission spectra of the donor and the excitation spectra
of the acceptor. An acceptor with better photoproperties is always preferable. In contrast,
single FP sensors could be constructed from any FP, although the reality is that GFP and
YFP are the fluorophores that are easy to engineer because they have better maturation
efficiency, folding, and other photoproperties. In the red region of the spectrum, mApple,
mRuby, mCherry, mOrange2, and mKeima also have been used as the fluorescent part of
the sensors.36-88

For single FP sensors, a crucial characteristic that has to be optimized is the circular
permutation site.3’ By rearranging the N’ and C’ terminus of FPs, the chromophore is more
exposed to the microenvironment. While circular permutation for most of the FPs has been

successful, the engineering of sensors also requires further optimization such as termini

locations and linker composition. This requires a tremendous amount of work in library
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construction and screening. Recently, a high-throughput method based on fluorescence-

activated cell sorting (FACS) screening of insertion sites between binding domain and FPs
was successful in the engineering of a sensor for maltose.’® As is the case with other sensors,

this method is likely to be useful in determining the termini locations.

1.5. EXAMPLES OF FEATURED SENSORS

Here briefly summarized are the genetically encoded sensors in the research field

that is related to my thesis.

1.5.1 Ions/Metals

Ca?" sensors are the most successful and extensively studied genetically encoded
sensors because Ca?" plays a crucial role in cell signaling. Hundreds of Ca?* sensors that
vary in emission wavelength, kinetics, and thermodynamic properties have been developed
to achieve the goal of multicolor imaging, deep-tissue imaging, and other approaches.
However, these sensors do share a similarity in Ca?* binding motifs. Most Ca?" sensors are
composed of a C’ terminus of calmodulin (CaM) and myosin light-chain kinase (M13) to
induce conformational changes when Ca?" is present. The CaM and M13 are most
commonly fused with a FRET pair to engineer an intramolecular Ca?" FRET sensor
(Cameleon sensor series) or with a circularly-permuted FP to create a single FP-based Ca?*
sensor (GCaMP and GECO sensor series). These two platforms have been thoroughly
77,87, 9196

engineered by many labs to improve photophysics, dynamic range and kinetics.

Other Ca**-binding domains have also been used to induce the conformational change of
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cpFP, such as troponin C,””-?8 RS20 and ckkap in place of M13.%%- 100

Besides improving the sensitivity and dynamic range of Ca** sensors, researchers
have been working to expand the palette as well.”® A tremendous achievement is that Qian
et al. have developed a near-infrared Ca®" sensor based on mIFP, which significantly
expanded the spectrum of genetically encoded Ca?" sensors toward the near-infrared-
shifted region.!

Meanwhile, there are intrinsic sensitivity FP sensors for Ca?*, including CatchER,
in which residues on the exterior of the GFP beta-barrel were mutated to bind Ca2+ and
increase the intensity of fluorescence directly.!!

Other than traditional Ca** sensors that try to monitor the Ca?* dynamics with
temporal and spatial resolutions in different organelles in vivo, there is one Ca?" sensor
with some intriguing innovations. By taking advantage of the photoconvertible FP, EOS
(Figure 5), Fosque et al. were able to engineer a brand new type of Ca?* sensor, named
CAMPARI.'?2 When Ca®* is present, the irradiation of CAMPARI with blue light induces
a permanent shift of fluorescence from green to red as a result of locking the Ca?* signal in
place. Recently, CAMPARI 2.0 has been engineered to be brighter and have a better

conversion rate.'%
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Figure 5. Photoconversion of EOS fluorescent protein family. The
chromophore contains a tripeptide His62-Tyr63-Gly64 that initially
emits green fluorescence. Irradiation using 405 nm laser induces
cleavage between the amide nitrogen and alpha-carbon atom in the
histidine residue, creating a highly conjugated system and resulting in
the dramatic shift of fluorescence emission to red.

Many sensors for other biologically relevant ions have been engineered in similar
designing strategies of genetically encoded Ca’" sensors. FRET sensors composed of
different binding motifs fused between a FRET pair have been engineered for Zn?*,32 104
107 Cut,108 Mg?*,19 and K*.!1% 11! Single fluorescent protein-based sensors also have been
engineered to monitor the dynamics of Zn?*,!12-116 Cy* 117 and K*.!!!

Other than the conformational change triggered by the binding site of genetically
encoded sensors, prototypical fluorescent proteins themselves also can be sensitive to some
ions. Concentrated halide anions may penetrate the beta-barrel of fluorescent proteins and

decrease the fluorescent intensity because of the increase of pKa.®* Moreover, EYFP is

sensitive to chloride and iodide, so it is further engineered into sensors to monitor inhibitory
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synaptic activities.!!% 11

Some unique methods have been developed to create metal ion sensors. Niraikulam
et al. incorporated L-DOPA in place of L-tyrosine into GFP by genetic-code engineering
to make the chromophore of GFP more sensitive to Cu?*.%8

The number of sensors made by introducing bioluminescent proteins into the
construct is growing at a rapid pace, providing less background noise and better
compatibility for in vivo imaging.

Work has been done to utilize luciferase, such as NanoLuc, to create genetically
encoded bioluminescence resonance energy transfer (BRET) sensors for measuring

intracellular Ca?* and Zn?*.'2% 12! The most successful BRET sensor is composed of an

NanolLuc

CyOFP1

Figure 6. Model of Orange CaMBI in the Ca** bound state. CaM and
M13 domains are fused with NanoLuc and two copies of CyOFPI.
Binding of Ca?" induces binding of CaM to M13, enhancing NanoLuc
activity. RET to CyOFP1 shifts emission to orange and increase the
fluorescence intensity.
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orange calcium-modulated bioluminescent indicator fused with NanoLuc luciferase,

CyOFP1, with the traditional calcium-binding motifs (Figure 6).!>

1.5.2 pH

pH is crucial in regulating the homeostasis of any living cells. Many biological
events undergo pH change, such as cell metabolites and signaling. In different cellular
compartments, the range of pH may be significant. Early efforts to engineer genetically
encoded pH sensors focused on the mutations of GFP to move pKa closer to the
physiological range.>” 5% 123 After successfully engineering GFP-based pH sensors, the
spectrum of pH sensors has been expanded throughout the visible region.!>*128 Of all the
genetically encoded pH sensors, the most sensitive red FP-based pH sensor is pHTomato,
with a pKa of 7.8.!% In pHTomato, six amino acids were mutated by random mutagenesis.
Although pHTomato satisfies the need for higher pH sensitivity, this sensor exhibits only

a 3-fold of change, which is approximately 50% of pHluorin.

1.5.3 Metabolites and Signaling
The survival of living creatures heavily depends on the metabolism of every cell
and organelle. Much effort has been put into engineering a wide range of genetically
encoded sensors for metabolites to develop such a sophisticated metabolism map.
Coupling FRET pairs with different enzymes has enabled the construction of
genetically encoded sensors capable of monitoring the endogenous catalytic activity of
phosphorylation, especially sensors for the signaling molecules cAMP and ¢cGMP.!30-13°

Worth mentioning is that some of the FRET-based sensors can be used for detection in
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transgenic mice, providing a robust response upon stimulation.!* Similar strategies have

141-144 145-150

been used to engineer genetically encoded sensors for sugars, amino acids,
ATP,151 152 and NADP".!>? Several single FP-based sensors have been engineered for
kinase, ATP, NADH, NADPH, and GTP to achieve better signal-to-noise ratio and
multicolor imaging of different analytes of interest.!>*!5° Recently, Lobas et al. developed
a genetically encoded ATP sensor whose binding affinity is more relevant to the
physiological range and is able to detect the release of ATP in neurons.!®® With strategies
similar to those mentioned above, some single FP-based sensors were able to monitor
signals in vivo.3% 16!

Another family of sensors has been developed to sense the mechanical and
biochemical signals at the cell membrane, which can result in the activation of transcription
factors.!92-166 Ting et al. presented the first three genetically encoded fluorescent reporters
of the family for the kinases Src, Abl, and epidermal growth factor (EGF) receptor. These
genetically encoded sensors consist of fusions of CFP, a phosphotyrosine binding domain;
SH2, a consensus substrate for the relevant kinase; and YFP. Subsequent studies have

mainly focused on modifying this classical construct to achieve the sensing of different

molecules or to provide a better signal-to-noise ratio.

1.5.4 Redox

Almost all redox sensors function by the reversible oxidation of two cysteines to
form a disulfide bond, thus changing the microenvironment of the chromophore of FPs.
One primary design strategy is to mutate the residues close to the chromophore of FPs to

cysteines. Under oxidative conditions, the cysteines form disulfide bonds with other
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cysteines on the FP. The conformational change after forming disulfide bonds results in a

change of fluorescent intensities. The first genetically encoded redox sensor based on the
disulfide bond formation was developed in 2001.'*” Formation of a disulfide bond between
the two cysteines induces a distortion of B-barrel that is fully reversible and results in a 50%
decrease in the intrinsic fluorescence. Since 2001, the visible spectrum has been filled with
redox sensors based on disulfide bond formation.!®3-17° The formation of disulfide bonds
may also be applied to the change in proximity of FRET pairs, increasing FRET efficiency
upon oxidation.!”!

Other engineering strategies for redox sensors are to fuse the FPs with reaction
domains containing cysteines. Oxidation of the cysteines leads to the conformational
change of the reaction domain, thus changing fluorescence intensity or FRET efficiency.!7*
176

Most of these sensors are responsive to oxidizing and reducing agents, and they
have primarily been used to sense H>O> and oxidative stress. Similar approaches are used
to detect a reduced and oxidized glutathione balance and to monitor thioredoxin
dynamics.!77-18!

Because of the nature of reactive oxygen species, another unique way of sensing
redox dynamics is to incorporate non-canonical amino acids (ncAAs) into FPs that can

react with ROS, leading to the change of fluorescent intensity (Figure 7). 674
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Figure 7. GFP chromophore substituted with ncAAs. FP chromophores
are modified with the sulfide-reactive azide or ROS-reactive boronic
functional group. These structurally modified chromophores were
selectively reacted with H2S or ONOOr, resulting in sensitive fluorescence
enhancement detectable by spectroscopic and microscopic techniques.

Recently, Eroglu et al. reported the development of novel multicolored fluorescent
quenching-based probes for nitric oxide. By fusing a bacteria-derived binding domain close
to the chromophore of FPs, the binding of nitric oxide results in the quench of the

chromophore, triggering a decrease of the fluorescence intensity.!8?

1.5.5 Voltage

Voltage regulates almost every physiological condition in our nerves and muscles.
Changes in membrane potential and polarity take place in every biological organ, tissues,
and cells.

In living creatures, the two most abundant voltage-dependent conductances, Na*
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and K", are essential for electrical impulses in the central neuron system, known as the

action potential. There are about 100 different variants of voltage-dependent channels for
Na* and K™ in the central neuron system. Previous studies on the ion channel were carried
out using glass electrodes to measure electrical signals in cell membranes. The drawback
of this strategy is that most axons in the central nervous system are too small to be measured
with electrodes, losing the resolution of neurological study. Tremendous work has been
put into developing genetically encoded voltage indicators (GEVIs) to monitor the
dynamics of membrane potential.

To date, there are three major types of GEVI. The first type is the combination of a
voltage-sensing domain (VSD) and cpFP. The first GEVI engineered by fusion of VSD
and cpGFP, named FlaSh, exhibits a 5% fold of change with poor kinetics.!®* Five years
later, Ataka et al. engineered SPARC, a GEVI with much faster kinetics.!®* Unfortunately,
these initial sensors have weak membrane localization, so they could not be used in primary
cultured neurons or brain slices.'®> To improve membrane localization, Murata et al.
replaced the voltage indicator of voltage-gated K+ channels (Kvs) with a reaction domain
of the Ciona intestinalis voltage-sensitive phosphatase (Ci-VSP). They were able to express
it successfully in Ciona sperm tail membranes.!®¢ Since Ci-VSP was identified as a
potential sensing domain for GEVI, researchers have developed two primary alterations of
VSD-based GEVI. The first type is Arclight and its derivative, Bongwoori. They have the

Ci-VSP fused to an intracellular super ecliptic pHluorin.!87 188

Depolarization of the
membrane would induce a conformational change in VSP, leading to changes in

fluorescence intensity. Arclight and Bongwoori have high brightness but poor kinetics,

making them suitable for detecting slight changes in voltage. The second type of sensors
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are composed of circular-permuted FPs. The voltage-sensing domain is fused with cpFPs

in a way that is much closer to the chromophore, resulting in more significant changes in
fluorescence. ASAP1, a fusion construct of an extracellular cpGFP to the VSP of Gallus
gallus, has much better kinetics and sensitivity compared to VSP-based sensors, including
Arclight.'®

By engineering the linker site of ASAP1 with one mutation and one deletion,
A147S and AA148 respectively, the new sensor of the ASAP family, named ASAP2f,
shows fluorescence changes about 14% bigger than the previous version.!”® Through
further optimization, ASAP3 has enough speed and sensitivity to detect the individual
voltage spike up to 100 Hz in acute brain slices.!”! Much effort has also been put into
expanding the spectrum accessibility of GEVIs. A red-shifted variant, FlicR1, was created
by fusing the Ci-VSP domain with cpmApple.'*?

The second type of GEVI is based on rhodopsin, which was first discovered in
marine bacteria.!”> Rhodopsin is a voltage-dependent chromophore which features near-
infrared fluorescence. The first rhodopsin-based sensor, PROPS, can detect electrical
spikes in E. Coli at up to 1 Hz. Unfortunately, PROPS cannot be localized onto the

membrane of eukaryotic cells.!**

By engineering archaerhodopsin, which is known to be
targeted to cell membranes, Hochbaum et al. were able to develop QuasArs, which
demonstrates rapid sub-millisecond kinetics and much better sensitivity than Arch.!®>
Archon families were developed through engineering the opsin core of QuasAr2.'%
Archonl shows increased brightness and improved sensitivity to detect subthreshold

voltage events at only 5 mV, with a slight decline in kinetics.

Although rhodopsin-based GEVIs feature a shift toward longer wavelength, fast
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kinetics, and robust response to changes in membrane potentials, one significant drawback

for rhodopsin-based GEVIs is their low quantum efficiency, which makes them only ~3%
as bright as GFP.!%

Combining FPs and rhodopsin yields the third type of GEVI, FRET-opsin-based
reporters. They retain the advantages of quantum efficiency from FPs and fast kinetics from
rhodopsin. Fusing a rhodopsin variant from Acetabularia acetabulum (Ace2N) with
mNeonGreen yielded a sensor with 1 ms response time and a 14% change in fluorescence
intensity.!”” However, Ace2N-mNeon does not exhibit a robust response in vivo.'?8 A new
FRET-opsin-based GEVI, named VARNAM, can redshift the fluorescence by fusing Ace
with mRuby3.38

Besides combining FPs with rhodopsin, there are some unique methods in the
engineering of FRET-opsin-based GEVIs. Xu et al. created a hybrid GEVI using a site-
specific modification of rhodopsin with organic fluorophores through click chemistry.?’
Unfortunately, because of the toxicity of the click reaction, they could not apply such
indicators in neurons or brain slices. Another unique strategy of the FRET-opsin-based
GEVI yielded an indicator named Voltron. It replaces the fluorescent protein FRET donor
with a fluorescent dye mobilized by HaloTag. In the Voltron family, Voltron525 shows a

sensitivity of about -23%,!°° which is the most sensitive GEVI to date.

1.5.6 Neurotransmitters
Neurotransmitters are essential chemicals that enable neuron communication.
Mapping out the sophisticated neurological system requires real-time monitoring of

neurotransmitters at the synaptic level. Early works focused on engineering FRET-based
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sensors for neurotransmitters.!*> 2% However, such sensors are limited to cultured cells

because of the low signal-to-noise ratio for in vivo imaging. Recently, genetically encoded
neurotransmitter indicators with high resolution and specificity have been developed.
These sensors can be divided into two major groups: those based on binding proteins and
those based on G-protein-coupled receptors (GPCRs).

Binding proteins of several neurotransmitters can be found in bacteria and other
living creatures. Among them, bacterial periplasmic binding proteins (PBPs) are the most
widely used for engineering neurotransmitter sensors. The PBP family shares similarity in
structure and significant conformational change upon binding with the analyte of interest.
By fusing PBPs and cpFP, sensors with high dynamic ranges have been developed for
glutamate,? 1! GABA,?"! acetylcholine,?*? and nicotine.?%?

Recently, a new type of sensors based on GPCR has drawn great attention. GPCRs
belong to a large superfamily of membrane proteins. Although each GPCR has different
functions, they are highly conserved in terms of 3D structures.??* The structure of a GPCR
has three parts: (1) the extracellular region, consisting of the N-terminus and three
extracellular loops; (2) the TM region, composed of seven a-helices; and (3) the
intracellular region, consisting of three intracellular loops. When the ligands bind with the
binding pocket of the TM region, the conformational change leads to a change in the
fluorescence intensity of cpFP fused with the GPCR.

In 2018, Patriarchi et al. developed the dLight series, the first reported genetically
encoded sensors for detecting and imaging dopamine in live animals based on the fusion
of GPCR and cpFP.% The dLight series exhibits fast kinetics (10 ms on and 100 ms off)

and a broad dynamic range, enabling the detection of individual and subthreshold release
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of dopamine in vivo. In addition, Sun et al. created a family of genetically encoded

dopamine sensors using a similar strategy.®> These sensors also exhibit high magnitudes of
fluorescent responses, but they are slower in kinetics (130 ms on and 2.5 s off).

Besides a dopamine sensor based on GPCR, Li’s lab has developed sensors for
acetylcholine and NE using similar strategies.?%%2%
There are many excellent reviews of genetically encoded indicators. For the most

comprehensive and up-to-date review, please refer to the work of Greenwald et al.?’

1.6. SUMMARY

While genetically encoded biosensors, such as calmodulin-M13 based Ca** sensors
87,208,209 have proven useful for studying biological processes in vivo, there are several
areas in which genetically encoded biosensor-based fluorescence imaging is highly
desirable yet lags far behind. First is the achievement of multiplexed sensor imaging.
Signaling networks in living creatures are full of complexity and connectivity, often
involved with several different pathways. The ability to monitor multiple activities
simultaneously would, therefore, be tremendously useful for understanding these
sophisticated networks. Multiplexed sensor imaging requires expanded types as well as
palette of sensors, while a variety of biosensors with specific binding affinity and different
fluorescence wavelengths are yet to be developed. Second is to apply genetically encoded
sensors to more complex biological systems. To date, a majority of the sensors developed
for fluorescence imaging have utilized genetically encoded biosensors in ex vivo settings.

It is crucial to apply fluorescent biosensors to monitor cellular processes in vivo, which can
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provide a better understanding of signaling under physiological conditions. To achieve that,

fluorescent biosensors have to overcome several challenges, such as absorption and
scattering of the light source and fluorescence signal, autofluorescence from endogenous
cellular components, photobleaching of the fluorescent biosensor, and phototoxicity in live
fluorescence microscopy. As aforementioned, mammalian cells and tissues exhibit much
less absorption and scattering of light in the near-infrared region, FPs that are excited and
emit in this spectral range would be much favored in live animal imaging. Therefore, this
thesis is focused on the development of genetically encoded sensors on a new target of
interest, serotonin; application of fluorescent biosensors to more complex biological
systems, such as brain tissues and islets; and expanding the fluorescent biosensors in the

redder region of the spectrum.
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Chapter 2

Genetically Encoded, Photostable Indicators for Zn2*

The results of this chapter have been partially published. A part of this chapter is thus
converted from the paper (Anal. Chem. 2019, 91, 19, 12212-12219). Shen Zhang
developed the biosensors, including library construction and screening, and in vitro
characterization of ZIBGI, ZIBG2 and frGEZI0.2. Dr. Minghai Chen conducted
experiments on culturing and imaging cells and islets. Dr. Yuan Xing, Dr. Xinyu Li, and
Ms. Yi He isolated islets and assisted in the culturing and imaging of islets. Prof. Yong
Wang and Prof. José Oberholzer supervised some parts of this project, such as experiments
related to islet isolation and culture. Prof. Hui-wang Ai supervised and managed the overall

project.

ABSTRACT

As an essential element for living organisms, zinc (Zn?") exerts its biological
functions both intracellularly and extracellularly. Previous studies have reported a number
of genetically encoded Zn?" indicators (GEZIs), which have been widely used to monitor
Zn*" in the cytosol and intracellular organelles. However, it is challenging to localize
existing GEZIs to the extracellular space to detect secreted Zn?*. Herein, we report two
photostable, green fluorescent protein (GFP) based indicators, ZIBG1 and ZIBG2, which
respond to Zn®* selectively and have affinities suited for detecting Zn** secretion from

intracellular vesicles. In particular, ZIBG2 can be effectively targeted to the extracellular
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side of the plasma membrane. We applied cell surface-localized ZIBG2 to monitor glucose-

induced dynamic Zn** secretion from mouse insulinoma MING6 cells and primary mouse
and human pancreatic islets. Because Zn?>* is co-released with insulin from B-cells, the
fluorescence of cell surface-localized ZIBG2 was shown to be a strong indicator of the
functional potency of islets. Our work here has thus expanded the use of GEZIs to image
dynamic Zn?* secretion in live tissue. Because it is convenient to use genetically encoded
indicators for expression over extended periods and for in vivo delivery, we envision future
applications of ZIBG2 in the development of induced B-cells or islets to advance cell

replacement therapies for diabetes and in direct imaging of Zn*" secretion dynamics in vivo.
p p ging y

2.1. INTRODUCTION

Zinc (Zn?") is a ubiquitous element existing in all forms of life and the second most
abundant transition metal in the human body.! Zn?>* deficiency and dysregulation can cause
various diseases, including Alzheimer’s disease (AD),? epilepsy,® cancer,* and cerebral
ischemia.> Mammalian cells sequester high levels of Zn?" from the extracellular space.
Meanwhile, Zn?* can be secreted to the extracellular space. In pancreatic B-cells, Zn?* is
required in the processes of insulin biosynthesis, maturation, storage, and secretion.® In
insulin granules, two Zn** ions coordinate with six insulin monomers to form a hexametric-
structure. Zn?" is thus co-released with insulin during the fusion of intracellular vesicles
with cytoplasm membrane.® Zn?* is also essential for brain development and function.”
Existence of labile Zn*" and Zn**-containing presynaptic vesicles has been known for

decades.’ A subset of glutamatergic neurons, which is mainly found in the cerebral cortex
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or the limbic structures of the forebrain, can accumulate Zn?* in vesicles by zinc

transporters and release Zn** following electric stimulation.!® Synaptically released Zn**
can interact with a myriad of cell-surface channels, transporters, and receptors to modulate
their activities, or enter postsynaptic neurons via cation-permeable channels to trigger
intracellular signaling cascades.!! Because Zn?" plays essential biological roles
intracellularly and extracellularly, it is highly desired to monitor Zn** both inside and
outside cells.

Type 1 diabetes (T1D) is a devastating disease affecting 1.25 million Americans,
including 200,000 youth.!? It is expected to affect 5 million Americans (including 600,000
youth) by 2050. T1D costs the U.S. roughly $14.4 billion annually in medical expenses
and lost incomes. Although it is still considered experimental by the U.S. Food and Drug
Administration (FDA), allotransplant of islets from deceased donors to T1D patients is the
only cell-based therapy able to achieve glycemic control without exogenous insulin.!? It
has been suggested that Zn?* secretion from B-cells in islets could be an indicator for insulin
secretion and the functional potency of islets.!* I In this context, there is a strong interest
in monitoring secreted Zn** in pancreatic islets.

Over the past several decades, a wide variety of Zn?' indicators have been

16-19 20-23

developed, including small molecule sensors, genetically encoded sensors, and
hybrid sensors.?* 23 In particular, genetically encoded indicators have attracted much
attention, because of their high specificity and modulable affinity, convenience for precise
subcellular localization, and genetic delivery capability to readily achieve transient or long-

term expression in live cells and organisms. There are a large number of genetically

encoded Zn*" indicators (GEZIs) based on Forster resonance energy transfer (FRET) of
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two fluorescent proteins (FPs).2 These ratiometric GEZIs, such as eCALWY?’ and

ZapCY?8 variants, are powerful tools for imaging Zn?" in intracellular space and organelles.
In addition, single FP-based, intensiometric GEZIs, which have narrower fluorescence
excitation and emission profiles to facilitate multicolor or/and multiplexed imaging, have
been recently reported.?® 2! We previously developed green fluorescent, Zn?*-turn-off
indicators, ZnGreenl and ZnGreen2, with 26.3-fold and 8.7-fold dynamic ranges (Fo/Fmin),
respectively, in addition to a red fluorescent sensor, ZnRed, showing a 3.8-fold (Fmax/Fo)
fluorescence turn-on by Zn?".2! Meanwhile, Palmer and coworkers fused a circularly
permuted green FP (cpGFP) with the zinc fingers of the transcription factor Zap1, resulting

in a green fluorescent GZnP1 indicator showing 2.6-fold (Fmax/Fo) fluorescence turn-on

and 58 pM Zn?" affinity.?° Furthermore, a GZnP2 sensor with an improved dynamic range

pDisplay-ZapCY1

pDisplay-eCALWY1

Figure 1. Representative images of pDisplay-ZapCY1 and pDisplay-
eCALWY in HEK 293T cells (scale bars: 20 um), showing insufficient cell
surface localization. This experiment was repeated three times.
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was recently developed.?® Despite the progress, there is still a lack of GEZIs with properties

well-suited for monitoring Zn** secretion from intracellular vesicles, because the Zn**
affinities of most existing GEZIs, such as eCALWYs, ZapCYs, and GZnPs, are too high.
Moreover, GEZIs based on Zn**-binding elements from Zapl or ATOX1/WD4 cannot be
effectively routed to the extracellular side of the plasma membrane by using the pDisplay
vector (Figure 1). We previously utilized pDisplay-ZnGreenl to detect glucose-stimulated
Zn** secretion in insulin-secreting pancreatic B-cells, but a large portion of ZnGreenl was

intracellular.’! Moreover, our previously reported ZnGreenl and ZnGreen2 have

nonoptimal photostability (Figure 2). It is thus challenging to interpret results because both

—8— ZnGreen1
—e— ZnGreen2
—A—7IBG1
—v—ZIBG2
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Figure 2. Photostability of ZIBGl and ZIBG2 compared with our
previously reported Zn?>" indicators, ZnGreenl and ZnGreen2. HEK 293T
cells expressing individual indicators were illuminated on a wide-field
microscope equipped with a GFP filter cube and a Leica EL6000 mercury
metal halide lamp (10% intensity). The exposure time was 100 ms and the
acquisition interval was 5 s. The excitation shutter was closed between
acquisitions. One image every 50 s was used to analyze fluorescence
intensities, which were further normalized to values at t = 0 s. Data are
presented as mean and s.d. of 10 cells from three independent replicates.
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photobleaching and Zn** decrease the fluorescence of ZnGreenl and ZnGreen2. There is

still a remaining need for photostable, Zn**-turn-on GEZIs that can effectively traffic to
the surface of mammalian cells and display moderate Zn?" affinity for imaging of
extracellular Zn?* secreted from vesicles. Meanwhile, far-red fluorescent proteins have
advantages in the development of genetically encoded sensors and labelling for bio-
imaging in vivo since fluorescence in the long-wavelength region would have low photo-
toxicity, better deep tissue penetration and minimal auto-fluorescence caused by bio-
molecules. And thus, another aim was to develop a genetically encoded Zn** indicators

that features far-red fluorescence (Table 1).

Table 1. Summary of single FP-based GEZIs.

sensor name  oinding FP Kp on/off Dynamic reference
domain range
GZnP1 Zapl cpGFP 58pM on 2.6 fold 20
GZnP2 Zapl cpGFP 352pM on 6 fold 30
ZnGreenl Zapl mTFP1 633nM off 26.3 fold 2
ZnGreen2 Zn hook cpmTFP1 20uM off 8.7 fold 2
ZnRed Zapl mApple 166nM/20uM on 3.8 fold 2
ZIBG1 Zapl GFP 2.81uM on 2.5 fold This work
ZIBG2 Zn hook cpGFP 282nM on 7 fold This work
frGEZI0.2 Zn hook cpmMaroon 10.6pM on 2.5 fold This work

In this chapter, we report two photostable Zn?* indicators based on GFP, namely
ZIBG1 and ZIBG2, with high nanomolar to low micromolar Zn?" affinities. These two
indicators are excitation-ratiometric but have an adequate dynamic range when their Zn**-
turn-on fluorescence is intensiometrically monitored by using ~ 480 nm excitation. In
particular, ZIBG2 can be effectively targeted to the extracellular side of the plasma

membrane for monitoring glucose-induced dynamic Zn?* secretion from mouse insulinoma



53
MING cells, in addition to mouse and human pancreatic islets. These photostable GEZIs

are expected to be valuable tools for understanding Zn** biology and may find translational
applications in evaluation of donor islets for transplant, stem cell reprogramming and -
cell engineering, and high-throughput assays for chemicals or genetic elements to protect
transplanted islets from hypoxia, immune rejection, or immunosuppressant-induced
toxicity.!® 31- 32 We also report one far-red genetically encoded Zn** indicator, namely
frGEZI0.2, with low micromolar affinity and ~2.5-fold of dynamic range. It emits
fluorescence in the far-red region and can be robustly expressed in the extracellular surface

of mammalian cells.

2.2. EXPERIMENTAL SECTION

2.2.1. General Materials and Methods

All chemicals were purchased from Fisher Scientific or Sigma-Aldrich. Synthetic
DNA oligos were purchased from Eurofins Genomics. Restriction endonucleases were
purchased from New England Biolabs or Thermo Scientific. DNA sequences were
analyzed by Eurofins Genomics. Absorbance and fluorescence spectroscopy data were

collected by using a monochromator-based BioTek Synergy Mx Microplate Reader.

2.2.2 Library Construction
To develop ZIBG1, the ¢cpGFP fragment from G-GECO13® was amplified and
converted back to the wild-type FP topology. The two zinc fingers of Zapl was then

inserted to the site initially used for the circular permutation. The PCR product was cloned
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into a pTorPE vector®® by using restriction enzymes Sall and HindIII to obtain ZIBGO.1,

which served as the template for further optimization. The two linkers between the Zap1
domain and GFP fragments were subjected to the randomization of length and composition
(Table 2). To develop ZIBG2, a Rad50 zinc hook peptide (AKGKCPVCGAELTD) was
fused to both of the N- and C-termini of cpGFP derived from G-GECOI. The resultant
variant was also inserted into pTorPE and randomized for linker length and residue
sequences (Table 2). To develop cpmMaroonl.1, the synthetic DNA oligonucleotides of
wild type mMaroonl was purchased from Integrated DNA Technologies (IDT). Circular
mutated mMaroonl was cloned through overlap PCR and several rounds of random
mutagenesis through error-prone  PCR. The same Rad50 zinc hook peptide
(AKGKCPVCGAELTD) was fused to both of the N- and C-termini of cpmMaroonl.]1.
The library was cloned into pTorpe plasmid for the screening of linker lengths and

composition.
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Table 2. List of mutants and libraries made to derive the Zn?* indicators with green

fluorescence.
Library Identified mutant Note
1t linker 2" linker sequence
sequence
direct fuse LEYNDLKC NCQHVYIKAD dim fluorescence; no
fluorescence change
no obvious change was
N' 2NNK, C' 2NNK LEYXXLKC NCQXXYIKAD observed; no mutant was
2 sequenced
S
é INNK inserted at N' and C' LEYNGDLKC NCQHAVYIKAD 30% fluorescence increase
-
=) 2NNK 1 ted at N' ! NCQHSAVYIKA ;
3 inserted at N' and C LEYNMVDLKC cQ SD 40% fluorescence increase
2NNK at N', 1 NNK at C' 150% fluorescence increase;
LEYNQSDLKC NCQHSVYIKAD dim fluorescence
3NNK at N', 1NNK at C LEYNMYGDLKC  NCQHSVYIKAD ZIBGl
dim fluorescence; 20%
< direct fuse AELTDVYIKAD LEYNAKGKC fluorescence increase
£f
2'Z  INNK inserted at N'and C' AELTDCVYIKAD ~ LEYNAAKGKC  100% fluorescence increase
o
N 2NNK at C' AELTDCVYIKAD LEYNPSAKGKC Z1BG2

2.2.3. Library Screening and In Vitro Characterization

DH10B electrocompetent cells were transformed with the aforementioned gene

libraries and plated on 2xYT agar plates supplemented with 100 pg/mL ampicillin and

0.002% (w/v) L-arabinose. The plates were incubated at 37 °C overnight and then at room

temperature for an additional 24 hours before the fluorescence of individual colonies was

examined. A digital fluorescence image of each plate was acquired before a 1 mM EDTA

solution was sprayed by using a conventional fine mist sprayer. The EDTA solution was

allowed to soak into the agar plate. This procedure of spraying and drying was repeated

two additional times. A second digital fluorescence image was then acquired and the two
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images were registered and processed for fluorescence intensity ratios using Imagel] by

following a previously described method.** The fluorescence ratio for each colony was
obtained and colonies with high ratios were further selected and cultured in 1 mL liquid
2xYT media supplemented with 100 pg/mL ampicillin and 0.002% (w/v) L-arabinose in
96-well deep-well bacterial culture plates. Plates were incubated at 37 °C, 250 rpm
overnight and then at 25°C for an additional 24 hours. These 96-well culture plates were
centrifuged at 4700 rpm for 10 minutes and pellets from each well were lysed with 300 pL.
of B-PER Bacterial Protein Extraction Reagents (Pierce). After centrifugation at 4700 rpm
for 15 min, 100 pL of clear supernatant in each well was transferred into two identical 96-
well fluorescence assay plates (50 uL each). 50 uL of Zn?** buffer (50 mM Tris-HCI, 200
uM ZnCly, pH 7.4) or EDTA buffer (50 mM Tris-HCL, 200 uM EDTA, pH 7.4) were added
to the two replicate 96-well plates to evaluate Zn>* responsiveness of each mutant. Mutants
showing large fluorescence changes between the Zn?'-treated and EDTA-treated plates
were chosen. Plasmids of these mutants were isolated from the remaining cell lysates and
debris. Proteins of promising mutants were prepared and their Zn?* responsiveness was
further characterized by following a previously described procedure.?! Zn?* titration was
performed with 0.2 uM sensor protein in a HEPES-based buffer (150 mM HEPES, 100
mM NaCl, 0.5 mM TCEP and 10% glycerol, pH 7.4). Solutions with free Zn*'
concentrations from nanomolar to micromolar were prepared by a “pH titration method”,*
which uses EDTA as the Zn?* chelator and Mg?", Ca**, or Sr** as competing ions.
Compositions of these solutions were exactly the same as reported by Palmer and

coworkers.?® An alkaline denaturation method?® was used to determine the molar extinction
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coefficients of the sensors. Quantum yields were determined by following a previously

described procedure?” and using fluorescein as the reference.” 3

2.2.4. Culture and Plasmid Transfection of Cells and Islets

Human Embryonic Kidney (HEK) 293T cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 pg/ mL streptomycin. MING6 cells were cultured in DMEM
supplemented with 10% FBS, 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate,
and 0.05 mM 2-mercaptoethanol. All cells were incubated at 37°C with 5% CO> in a
humidified incubator. At 70—80% confluence, cells were transfected with 2 pg of plasmid
DNA and 10 pg of PEI (polyethylenimine, linear, 25 kDa). Transfected cells were then
cultured in complete DMEM medium for another 24 h. Mouse pancreatic islets were
isolated from the pancreata of 10-12 week-old C57/B6 mice (Jackson Laboratory, MA)
and cultured as previously described.?® In brief, the pancreata were injected with 0.375
mg/mL of Collagenase P (Roche Applied Science) and then digested at 37°C for 15 min.
Islets were purified through a discontinuous Ficoll gradient (Mediatech) and then cultured
in RPMI 1640 medium supplemented with 10% fetal bovine serum (Hyclone) and 1%
penicillin/streptomycin (Mediatech) at 37°C with 5% CO,. All procedures were approved
by the Animal Care and Use Committee at the University of Virginia. Human islets were

140 at the University of Virginia

isolated and purified using the standard Edmonton protoco
after obtaining informed research consent. In each 35-mm culture dish, ~ 200 islets were

transfected with 2 pg of plasmid DNA and 10 pg of PEI, and further cultured in complete

RPMI 1640 media for 24 h before imaging analysis.
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2.2.5. Fluorescence Imaging and Analysis

Images were acquired by using a 40% oil immersion objective lens on a Leica DMi8
microscope equipped with a Leica SPE-II spectral confocal module and a Photometrics
Prime 95B Scientific CMOS camera. The confocal module was used to compare
localization. In particular, a 488-nm laser was used for excitation of ZIBGs and the
emission was collected at 500-560 nm; a 635-nm laser was used for excitation of a far-red
FP mMaroonl1 and the emission was collected at 655-800 nm. For time-lapse imaging, the
wide-field Prime 95B camera and a GFP filter cube with a 470/40 nm bandpass excitation
filter and a 525/50 nm bandpass emission filter were used to image ZIBGs; a CyS5 filter
cube with a 628/40 nm bandpass excitation filter and a 692/40 nm bandpass emission filter
was used to image mMaroonl. All images were processed by using the Leica LAS X
software or ImageJ.

Transfected HEK 293T cells were washed three times with the Krebs Ringer Buffer
(KRB; 135 mM NaCl, 5 mM KCI, 1 mM MgSO4, 0.4 mM K,;HPO4, 1 mM CaCl,, and 20
mM HEPES, pH 7.4) supplemented with 5 mM glucose before imaging. To test sensor
responses to Zn?*, time-lapse imaging was performed with an acquisition interval of 10 s
and stimulating chemicals were added between acquisitions. The EDTA solution was
freshly prepared and diluted with the KRB buffer to desired concentrations. ZnCl, was
prepared as a stock solution in slightly acidic water and further diluted with the KRB buffer
before use.

To image zinc release in MING6 cells, transfected MING6 cells expressing pDisplay-
ZIBG1 or pDisplay-ZIBG2 were first incubated with the KRB buffer supplemented with

2.5 mM glucose and 10 uM EDTA for 1 h. After starvation and removing prebound Zn**,
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cells were washed three times with KRB containing 2.5 mM glucose and then retained in

the buffer for imaging. Time-lapse images were acquired every 10 s. Following the initial
~2 min of image acquisition, MING6 cells were stimulated with KRB containing 30 mM

glucose*!> 42

and fluorescence imaging continued for another ~8 min. Samples were then
rinsed with KRB containing 2 mM glucose injected through a syringe pump. Dual-color
imaging of ZIBG2 and R-GECOI in MING6 cells were performed similarly. The
localization of R-GECO1 was imaged with the confocal module. A 532 nm laser was used
for excitation and the emission was collected from 550 nm to 700 nm. Time-lapse images
for R-GECOI1 were acquired by using a filter cube containing a 545/25 nm bandpass filter
for excitation and a 605/70 nm bandpass filter for emission collection. Dual-color images
in the two channels were acquired sequentially.

Dynamic stimulation of islets was achieved by exposing transfected islets to
designated solutions within a microfluidic perfusion chamber and the stimulation process
was carried out according to the previous protocol.** ** In brief, the transfected islets were
incubated in 2 mL KRB supplemented with 2.5 mM glucose for 30 minutes and then loaded
into a temperature-equilibrated microfluidic device mounted on an inverted
epifluorescence microscope. Solution exchange was achieved by using a syringe pump
controlled with a computational program. Time-lapse imaging was sequentially performed
between the two channels. The intervals between acquisitions were 2 s. Fluorescence
signals were expressed as “change-in-percentage” after being normalized against basal

intensity levels established before stimulation.
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2.3. RESULTS AND DISCUSSION

2.3.1. Development of green fluorescent Zn?*-turn-on indicators

Our previously reported Zn**-turn-off indicators, ZnGreenl and ZnGreen2, have
relatively poor photostability (Figure 2). This issue may be caused by the circularly
permuted mTFP1 scaffold used in both ZnGreenl and ZnGreen2.?!: ** To address this
shortcoming, we decided to examine a different FP scaffold.’> We amplified a cpGFP
fragment from G-GECO1* and converted it back to the wild-type FP topology. We
inserted the two zinc fingers of Zapl to the site initially used for circular permutation
(Figure 3a). The Zn**-binding domain from Zap1 was selected because it performed well
in previously developed Zn?* indicators.?’- 2! We randomized the two linkers at both ends
of the Zn?*-binding domain. After library screening, we derived ZIBGl, a variant showing
a 2.5-fold excitation-ratiometric fluorescence response to Zn** (Figure 3b). Meanwhile,
we explored another strategy to construct Zn>* sensors. We chose a minimal zinc hook
peptide from Pyrococcus furiosus Rad 50, which can form homodimer in response to Zn>*
binding,*¢ and fused the zinc hook peptide to each of the N- and C-termini of cpGFP
derived from G-GECO1 (Figure 3a) .3* We performed optimization on both linkers based
on Zn?*-induced responses and derived ZIBG2, which has a 7-fold excitation-ratiometric
fluorescence response to Zn>* (Figure 3¢). When illuminated near their major absorbance
peak at ~ 480 nm, both ZIBG1 and ZIBG?2 displayed fluorescence turn-on response to Zn>",

and ZIBG2 outperformed ZIBG1 in terms of the dynamic range.
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Figure 3. Engineering of GFP-based GEZIs, ZIBG1 and ZIBG2. (a)
Domain arrangements of ZIBGl and ZIBG2. Important linker
sequences are shown in individual boxes. (b) Fluorescence excitation
(open circle) and emission (filled circle) spectra of ZIBG1 and
ZIBG@G2, in the presence (blank lines, treated with 100 uM ZnCl,) and
absence (gray lines, treated with 100 uM EDTA) of Zn**.

2.3.2. Development of far-red fluorescent Zn?** indicators

As mentioned in Chapter 1, a large number of fluorescent proteins that emit in the
far-red or near-infrared region have blossomed recently. Among them, we determined
mMaroonl as a potential template for engineering far-red fluorescent Zn** indicators
because of its high maturation efficiency, brightness, and identity between mMarronl and
GFP. Residue 148, which is the traditional site to introduce circular permutation, was
selected at initial attempts. Unfortunately, no colony showing bright far-red fluorescence
was obtained after several rounds of screening. Then we turned our eyes to other loops

located in the B-barrel of mMaroonl. In 2009, Sunita et al. identified residue 180 as the
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most promising site for circular permutation of mKate.*” Through sequence alignment of

mKate and mMaroonl, we were able to determine the residue of mMaroonl for circular
permutation. After obtaining the circularly permuted mMaroonl (cpmMaroonl), the
optimization in brightness and maturation was conducted. Through one round of random
mutagenesis, cpmMaroonl.1 was identified. It shows a significant improvement in photo

properties, compared to the wild type mMaroon! (Figure 4).
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Figure 4. Comparison of cpmMaroonl.1 and wild type (wt)
mMaroon! on colonies. Images were taken either under bright
field or far-red fluorescence. cpmMaroonl.1 exhibits large
improvement in terms of extinction coefficient and brightness.

Sequence alignment between wild type mMaroonl and cpmMaroonl.1 revealed
one crucial mutation D163Y. This mutation is believed to contribute to the hydrogen-bond

interaction between the chromophore and the B-barrel. (Figure 5)
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Figure 5. Structure of mCardinal. D163 and the chromophore
are shown in sticks. Because of the proximity between D163
and the chromophore, mutation of D163Y might form polar
interactions between the B-barrel and the chromophore.

Once the cpmMaroonl.1 featuring high brightness and fast maturation was
obtained, we used it as the template in engineering far-red fluorescent genetically encoded
Zn*" indicators (frGEZI). The same Rad50 zinc hook peptide used in the development of
ZIBG2 was fused to both of the N- and C-termini of cpmMaroonl.1 to develop frGEZI.
The resultant variant was inserted into pTorPE and randomized for linker length and
residue sequences. Two rounds of random mutagenesis of both N- and C- terminus of
linkers yielded frGEZI0.2 that appeared to be bright and showed ~2.5-fold dynamic ranges

(F/Fo). (Figure 6a)



64

a b
2-
> 107
2 0.8
9
[=
E— - o
> 0.6 e 1-
o [T
N 0.4+ <
©
€ 0.2
[*]
P-4
0.0 )
T T T T T T 1 J O-W
450 500 550 600 650 700 750 800 0.001 0.01 04 1 10 100 1000 10000
wavelength (nm) concentration (uM)

Figure 6. In vitro characterization of frGEZI0.2. (a) Fluorescence excitation (open
circle) and emission (filled circle) spectra of frGEZI0.2, in the presence (black lines,
treated with 100 uM ZnCl,) and absence (gray lines, treated with 100 uM EDTA)
of Zn?**. (b) Zn?" titration curves for frGEZI0.2 (black circle).

2.3.3. Characterization and Validation of Zn?* Indicators

We next characterized ZIBG1, ZIBG2, and frGEZI0.2 in vitro and further validated
their use in living mammalian cells. Key photophysical properties (i.e., molar extinction
coefficient, quantum yield, and intrinsic brightness) of these newly developed ZIBGs were
determined in the presence and absence of Zn?>" (Table 3), further confirming the high
brightness and excellent dynamic range of ZIBG1 and ZIBG2. Titrating ZIBG1, ZIBG2
and frGEZI0.2 with buffered Zn?* solutions revealed apparent binding affinities (Kq’s) of
2.81 = 1.3 uM and 282.4 + 32 nM, 10.6 £ 3.1uM respectively (Figure 7a and Figure 6b).
We also tested the responses to other highly abundant cellular metals for ZIBG1 and
ZIBG2, including Mg?*, Mn?*, Ca?*, K*, and Na*. These additional metals triggered little
to no fluorescence response (Figure 7b), confirming the specificity of our newly

engineered GEZIs. Moreover, the addition of the Zn?>* chelator EDTA to Zn*'-treated
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proteins brought their fluorescence back to the original levels, supporting the reversibility

of ZIBG1 and ZIBG2 (Figure 7b).

Table 3. Summary of Biophysical Characteristics of ZIBG1 and ZIBG2.

quantum yield (QY) extinction coefficient (g) brightness °
at 495 nm*
+EDTA +Zn** +EDTA +Zn** +EDTA +Zn**
7ZIBG1 0.22+0.04 0.29+0.02 17.1+0.6 29.1+0.5 3.8 8.4
ZIBG2 0.31+0.01 0.41+0.01 10.4+0.6 39.1£1.0 32 16.0

@ Expressed in the units of mM! cmL.

® Defined as the product of € and QY.
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Figure 7. In vitro characterizations of engineered Zn?" indicators. (a) Zn**
titration curves for ZIBG1 (black circle) and ZIBG2 (black square). (b)
Fluorescence responses of ZIBG1 and ZIBG2 to various metal ions,
supporting the excellent specificity of ZIBG1 and ZIBG2 toward Zn?",
Final concentrations were 20 uM for Zn** and 100 uM for all other metals.
Fluorescence intensities were normalized to blank (no metal ion added).
Data are presented as mean and s.d. of three independent replicates.

Next, we used a pDisplay vector to localize ZIBG1, ZIBG2, and frGEZI0.2 to the

extracellular side of living HEK 293T cells. To simplify experimental procedures, we
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imaged ZIBGIl and ZIBG2 by operating them as fluorescence turn-on sensors with

excitation at ~ 480 nm. Under similar microscopic illumination conditions, the
fluorescence of ZIBG1 and ZIBG2 was largely retained while the fluorescence of
ZnGreenl and ZnGreen2 dropped by ~ 30% in 800 s. The data suggest that the
photostability of ZIBG1 and ZIBG2 was significantly improved from that of ZnGreenl
and ZnGreen2. Moreover, in comparison to ZIBG1 and other tested GEZIs, ZIBG2 could
be well localized to the cell surface (Figure 1, Figure 8a, and Figure 9). Extracellular
addition of Zn?" triggered the fluorescence increase of both ZIBG1 and ZIBG2, while a
subsequent addition of EDTA quickly reverted the fluorescence changes (Figure 8 and

Figure 9a). We co-transfected cells with ZIBG2 and a far-red FP mMaroon1,* and no

ZIBG2

mMaroon1

Merge
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Figure 8. Fluorescence imaging of pDisplay-ZIBG2 in HEK 293T cells. (a)
Fluorescence images of HEK 293T cells expressing pDisplay-ZIBG2 before
and after sequential addition of ZnCl, (100 uM) and EDTA (100 uM). Cells
were co-transfected with a far-red FP, mMaroonl, which serves as an
internal control. Scale bar: 20 um. (b) Quantitative results presented as mean
and s.d. of 20 cells from three independent replicates. The arrows show the
time points for addition of ZnCl, and EDTA.
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Figure 9. Fluorescence imaging and representative quantification traces

of pDisplay-ZIBG1 (ab) and pDisplay-cpGFP (cd) in HEK 293T cells in

response to Zn** and EDTA (scale bars: 20 pm). The arrows indicate time

points for addition of Zn** or EDTA. Data are presented as mean and s.d.

of 15 cells from three independent replicates.
noticeable fluorescence change of mMaroonl was observed upon the stimulations (Figure
8). To further confirm that the Zn**-induced fluorescence increase was not caused by pH
fluctuations, we treated HEK 293T cells expressing pDisplay-cpGFP, a Zn?*-irresponsive
control indicator, with ZnCl, and EDTA, and there was no obvious fluorescence response
(Figure 9b).

Next, we imaged frGEZI0.2 by operating it as fluorescence turn-on sensors with

excitation at ~600 nm. Similar to the result of ZIBG2, frGEZI0.2 could be well localized

to the cell surface. The extracellular addition of Zn?* could trigger the fluorescence increase

of frGEZIO0.2 (Figure 10).
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Figure 10. Fluorescence imaging of pDisplay-frGEZI0.2 in HEK 293T cells
before (a) and after (b) addition of ZnCl, (100 uM). (c) Puesdo-colored image
of ratio between (a) and (b). Scale bar: 25 pum.

We further explored the Zn** association and dissociation kinetics of ZIBG2. We
placed ZIBG2-expressing HEK 293T cells on an upright microscope and positioned a glass
micro pipet close to individual cells. We applied a brief 100-ms puff to spray a small
volume of buffered ZnCl; solution to the cell and monitored the fluorescence of ZIBG2.
By averaging several trials, the half-life (ti2) for the fluorescence rise (Zn** association)
was determined to be ~ 45 ms, while the half-life (ti,2) for the fluorescence decrease (Zn**
dissociation) was ~ 1.6 s (Figure 11). We want to note that these half-lives were likely
overestimated due to our hardware limitations, including slow compound application (~
100 ms) and camera acquisition intervals (~ 150 ms). The rapid response, excellent
photostability, and sufficient surface localization of pDisplay- ZIBG2 suggest that it may

be an excellent indicator for time-lapse imaging of extracellular Zn?" dynamics.
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Figure 11. pDisplay-ZIBG2 in the HEK 293T cells in response to a brief 100-ms
puff application of Zn?*. (a) Illustration of the experiment. On an upright
microscope, a glass micro pipet on a micromanipulator was positioned in proximity
to a cell. Pressure is applied with Picospritzer II to spray a buffered 1 mM ZnCl; to
the cell. Fluorescence was acquired simultaneously (scale bar: 20 pm). (b)
Representative fluorescence traces. The arrows indicate time points for 100-ms
puffs of Zn?*. The experiment was repeated on three different cells (each 6 puffs).
(c) Fitting of the averaged data for kon and kofr with the “association and then
dissociation” model using GraphPad Prism 8. The values are rough estimations and
should be treated with cautions due to our hardware limitations including slow
compound application (~ 100 ms) and camera acquisition intervals (~ 150 ms).
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2.3.4. Live-Cell Imaging of Glucose-Stimulated Zn2* Secretion in MIN6 Cells

To further validate our newly developed Zn*' indicators for monitoring
physiologically relevant Zn** dynamics, we transiently expressed pDisplay-ZIBG1 and
pDisplay-ZIBG2 in MING cells, a mouse insulinoma cell line.*’ In pancreatic B-cells, Zn**
is an essential element for the biosynthesis and secretion of insulin and it can form co-
crystals with insulin in the vesicular granules to aid the storage of insulin. Following
glucose stimulation, Zn?* and insulin are expected to co-release from pancreatic B-cells to
the extracellular space. MING6 cells co-transfected with pDisplay-ZIBG2 and mMaroonl
were first stimulated with high concentrations of extracellular glucose (30 mM) and then
washed to reduce glucose to the basal level (2 mM). As expected, we observed a drastic
fluorescence increase and then decrease from ZIBG2 (Figure 12), further supporting the
reversibility of ZIBG2. In particular, ZIBG2 was well localized to the cell surface and its

a  0min 6min  14min D

Figure 12. Fluorescence monitoring of glucose-induced Zn?" release in MING6
cells with pDisplay-ZIBG?2. (a) Fluorescence images of cells expressing ZIBG2
in response to high glucose (30 mM) and subsequent washout with low glucose
(2 mM). Cells were co-transfected with a far-red FP, mMaroonl, which serves
as an internal control. Scale bar: 20 um. (b) Quantitative results presented as
mean and s.d. of 8 cells from three independent replicates. The arrow indicates
the time point for addition of glucose.
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high fluorescence indicates the active Zn?" release to the extracellular space. No obvious

fluorescence change was observed for mMaroonl (Figure 12). In addition, we treated
MING cells with high concentrations of sucrose (30 mM) and no noticeable fluorescence

change was detected (Figure 13). We also detected fluorescence increase and even

0 min 6 min

JN
o
1

—a—ZIBG2
—e— mMaroon 1

ZIBG2
y (a.u.)
2

b

Figure 13. Fluorescence imaging of pDisplay-ZIBG2 in MING6 cells in response
to sucrose. (a) Fluorescence images of cells expressing ZIBG2 before and after
addition of 30 mM sucrose. A far-red fluorescent protein mMaroonl was used
to co-transfect cells (scale bar: 20 pum). (b) Quantitative results presented as
mean and s.d. of 10 cells from three independent replicates. The arrow indicates
the time point for addition of sucrose.
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oscillations from pDisplay-ZIBGl-transfected MIN6 cells upon glucose stimulation
(Figure 14). The observation of oscillations may own to the lower binding affinities of
ZIBG1 to Zn**. It is also possible that the oscillations are intracellular since the majority
of ZIBG1 could not traffic to the cell membrane. We further treated HEK 293T cells

transfected with pDisplay-ZIBG2 or pDisplay-ZIBG1 and observed no fluorescence
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Figure 14. Monitoring of glucose-induced Zn?* dynamics in MING6 cells with
pDisplay-ZIBG1. (a) Fluorescence images of cells expressing ZIBG1 before
and after addition of 30 mM glucose, showing insufficient cell surface
localization of ZIBG1 in MING6 cells (scale bar: 20 um). (b) Quantitative results
presented as mean and s.d. of 8 cells from two independent replicates. The
arrow indicates the time point for addition of glucose.
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Figure 15. Fluorescence imaging and quantification traces of pDisplay-
ZIBGI (ab) and pDisplay-ZIBG2 (cd) in HEK 293T cells in response to 30
mM glucose (scale bars: 20 um), showing that glucose does not directly
impact the fluorescence of ZIBG1 and ZIBG2. The arrows indicate time
points for addition of glucose. Data are presented as mean and s.d. of 15 cells
from three independent replicates.
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change upon high glucose stimulation (Figure 15), suggesting that the fluorescence

changes in MING6 cells were indeed caused by glucose-induced Zn?* dynamics in pancreatic

B-cells.

2.3.5. Dual-Color Imaging of Zn** and Ca?" Dynamics in Live MING6 Cells
Intracellular Ca®* is an important coupling factor and regulator of insulin release.
Briefly, glucose enters B-cells via glucose transporter 2 (GLUT2), and glycolysis leads to
the generation of pyruvate, which enters the tricarboxylic acid (TCA) cycle. Newly
produced NADH then enters the electron transport chain and generates an electric potential
gradient across the mitochondrial membrane, leading to ATP generation. ATP closes ATP-
sensitive K (Katp) channels, initiating plasma membrane depolarization and increasing
intracellular Ca?* via voltage-dependent calcium channels (VDCCs). This glucose-induced
Ca** dynamics triggers the fusion of insulin granules with cell membrane and the
exocytosis of insulin, C-peptide, proinsulin, and Zn?*. In this context, concurrent imaging
of intracellular Ca?* and extracellular Zn?" can provide key information on B-cell function.
We transfected MING cells with pDisplay-ZIBG?2 along with a red fluorescent Ca**
sensor, R-GECO1.?3 Under this condition, R-GECO1 was localized to the intracellular
space while ZIBG2 was mostly on the cell surface. Stimulation of MING6 cells with high
concentrations of extracellular glucose (30 mM) triggered a transient rise of the
fluorescence of R-GECOL in cells (Figure 16). Meanwhile, we observed a sustained high
fluorescence of ZIBG2 when cells were bathed in high glucose. The fluorescence of ZIBG2
decreased quickly to the basal level when cells were washed with low glucose (2 mM)

solution. The result suggests that either the release of Zn>" from MING6 is continuous when
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the cells are in high glucose solutions, or the affinity or dissociation rate (kofr) of ZIBG2

hinders the diffusion of bound Zn*" from ZIBG2 indicator molecules. Nevertheless, the
data demonstrated the feasibility of using two genetically encoded indicators to monitor

the dynamics of Zn2+ and Ca2+ in B-cells concurrently.
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Figure 16. Fluorescence imaging of glucose-induced Zn** and Ca?" dynamics
in MING cells. (a) Fluorescence images of cells expressing ZIBG2 on the cell
surface and R-GECO1 intracellularly. Scale bar: 20 um. (b) Quantitative results
for intensity changes of ZIBG2 and R-GECO1 presented as mean and s.d. of 8
cells from three independent replicates. The arrow indicates the time point for
addition of high glucose (30 mM) and washout with low glucose (2 mM).

2.3.6. Imaging of Zn2* and Ca?* Dynamics in Mouse and Human Pancreatic islets
Islet transplant is the only minimally invasive cell therapy that is able to achieve
glycemic control without exogenous insulin. However, islet transplant shows variable
success rates, and inconsistent quality of human islet preparations is a key contributor to
this problem.? Except for an in vivo potency assay in animals which requires several weeks

to complete, no reliable method is available to evaluate the functional quality of islets.>" 3!
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In this context, we explored the use of genetically encoded Zn?>* and Ca?* indicators to

examine the functional potency of mouse and human islets.

We transfected mouse islets with pDisplay-ZIBG2 and R-GECOIl. Next, we
sequentially perfused the islets trapped in a microfluidic device with a series of solutions.
Fluorescence increase of ZIBG2 was observed in response to high glucose (14 mM) or KCl
(30 mM). This observation is consistent with our Ca?* imaging result, indicated by the
fluorescence of R-GECOI1 (Figure 17ab). Islet function is known to decrease under

hypoxia. When we cultured our transfected islets under a hypoxia condition (1% O2) for 1
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Figure 17. Imaging of Zn** and Ca?" dynamics in mouse pancreatic islets before
(ab) and after (cd) hypoxia treatment. (ac) Temporal Zn>" secretion profiles of
C57/B6 mouse islets (indicated by the fluorescence of cell surface-localized
ZIBG2) perfused with basal and stimulatory glucose and KCl solutions. (bd)
Temporal intracellular Ca?* profiles of C57/B6 mouse islets (indicated by the
fluorescence of intracellular R-GECO1) perfused with basal and stimulatory
glucose and KCI solutions. Data are presented as mean and s.d. of 8 cells. This
experiment was repeated three times.
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hour before imaging assays, we observed neither intracellular Ca>* rise nor extracellular

Zn** secretion (Figure 17cd). All of these results suggest that Ca?* and Zn** dynamics may
be used as indicators for islet function and potency. Furthermore, we confirmed the
function of ZIBG2 in human islets. Upon stimulations with high glucose (25 mM) or KCI
(30 mM), a fluorescence increase of ZIBG2 was detected in separate regions of interest
within the islets (Figure 18). Because islets are big clusters of cells and it is challenging to
acquire high-resolution fluorescence images, we dissociated mouse islets into single cells
and further examined the localization of ZIBG2. Fluorescence imaging confirmed that
ZIBG2 was primarily localized to the cell membrane of primary islets by using pDisplay-

ZIBG2 (Figure 19).
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Figure 18. Imaging of temporal Zn?* secretion in human islets perfused with basal
and stimulatory glucose and KCl solutions. (a) Fluorescence images of ZIBG2 in
a human islet. Scale bar: 50 um. (b) Quantitative traces for separate regions of
interest within the islet in panel a. This experiment was repeated three times.
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Figure 19. Fluorescence imaging of pDisplay-ZIBG2 in mouse pancreatic islets.
(a) An islet cluster co-transfected with ZIBG2 and R-GECO1. (b) Representative
single cells dissociated from islet clusters and co-transfected with ZIBG2 and R-
GECOI1 (scale bars: 50 um).

2.4. CONCLUSIONS

In this work, we first developed two novel GFP-based GEZIs, ZIBG1 and ZIBG2,
which display moderate Zn?" affinity and Zn**-induced turn-on fluorescence when excited
at ~ 480 nm. In particular, ZIBG2 has a dynamic range of 7-fold when operated as an
excitation ratiometric indicator and 3-fold when operated as an intensiometric fluorescence
turn-on indicator. ZIBG2 can be effectively targeted to the extracellular side of the plasma
membrane to detect Zn?" secreted from intracellular vesicles. We have used this
photostable ZIBG2 indicator to monitor glucose-induced dynamic Zn?* secretion from
mouse insulinoma MING6 cells, in addition to mouse and human pancreatic islets. Human

islet products are widely heterogonous in terms of functionality due to many compounding
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factors such as donor characteristics (e.g., age, BMI, gender), organ procurement and

transportation (e.g., ischemia time), and isolation factors (e.g., chemical and physical
stresses). It is thus only possible to define islet potency and suitability for transplant by
examining multiple parameters. We envision the use of genetically encoded Zn?* and Ca?*
sensors, in addition to sensors for other insulin secretion coupling factors, to better evaluate
islets before transplant. Furthermore, stem-cell-derived B-cells and islets represent a
brighter future to make islet transplant widely available. We expect that the sensor genes
can be introduced into stem cell lines so that the functional potency of these induced
biologics can be evaluated during the differentiation process. We further expect that these
powerful screening and optimization tools will be critical for bringing induced islet
biologics from laboratories to bedsides. Moreover, in contrast to small molecule-based or
hybrid Zn?* sensors, ZIBG2 is fully genetically encoded, so it may be used in tissues or in
vivo models for long-term monitoring of Zn?" dynamics.

Meanwhile, we further expanded the palette of genetically encoded Zn?" indicators
(GEZI) by developing a novel GEZI, frGEZI10.2, with far-red emission. Thus, our work is
expected to facilitate multiparametric assays. Since frGEZI0.2 shows robust maturation
and high brightness when expressed in mammalian cells, it may have good potential for in
vivo imaging. Our ongoing work is to further improve the dynamic range and brightness of

frGEZIs.
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Chapter 3

A Fast High-Affinity Fluorescent Serotonin Biosensor Engineered

from a Tick Lipocalin

This project was carried out by two lab members in Dr. Ai’s lab and collaborator Dr.
Mikhail Drobizhev from Montana State University. Shen Zhang developed the biosensors,
including library construction and screening, and characterization in purified protein,
cultured cell lines, primary cultured neurons, and pancreatic islets. Dr. Xinyu Li conducted
experiments on acute brain slices and live animal imaging. Dr. Mikhail Drobizhev

determined photophysical parameters and recorded two-photon excitation spectra.

ABSTRACT

Serotonin (5-HT) is an important signaling monoamine in and beyond the central
nervous system (CNS). Herein, we report structure-guided engineering of a green
fluorescent, genetically encoded serotonin sensor (G-GESS) from a 5-HT-binding lipocalin
in the soft tick. G-GESS shows fast response kinetics and high affinity, specificity,
brightness, and photostability. We used G-GESS to image 5-HT dynamics in vitro and in

behaving mice, demonstrating the broad utility of this novel biosensor.
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3.1. INTRODUCTION

5-HT has been widely recognized as a key neurotransmitter modulating mood,
anxiety, appetite, sleep, sexuality, and learning and memory.!-2 5-HT is also a key hormone
in peripheral tissues regulating a large array of processes, including gastrointestinal
motility, hematopoiesis, vasoconstriction, insulin secretion, and glucose metabolism.? *
Serotonergic dysregulation has been linked to various pathological conditions, such as
depression, schizophrenia, diabetes, obesity, and cardiovascular disorders.>* A further
understanding of molecular, cellular, and circuital mechanisms of 5-HT signaling and the
development of corresponding disease intervention strategies require the ability to monitor
5-HT dynamics in biological systems with high specificity and spatiotemporal precision. !
3

Microdialysis and fast-scan cyclic voltammetry have been widely used to follow 5-
HT dynamics, but are limited in temporal resolution, spatial precision, and/or chemical
selectivity.*> Recent studies have reported several synthetic fluorescent sensors,®’ but the
need for long-term, cell-specific, and minimally invasive imaging of 5-HT in vivo has not
yet been addressed. In this context, there is a great interest to develop genetically encoded
5-HT biosensors.

Previously, microbial periplasmic binding proteins (PBPs) or G-protein coupled
receptors (GPCRs) have been integrated with circularly permuted green fluorescent protein
(cpGFP) to create powerful, fusion protein biosensors typically expressed at cell surface to
detect secreted neurotransmitters and neuromodulators including glutamate, GABA,

dopamine, acetylcholine, and norepinephrine.®'? Although it is possible to develop similar
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biosensors for 5-HT from PBPs or GPCRs, we chose to investigate additional 5-HT-

binding proteins due to a few reasons. First, none of the natural PBPs has been identified
for 5-HT binding and even though it is possible to re-engineer the binding pocket of a PBP
to accommodate 5-HT, it is challenging to achieve high affinity and specificity. On the
other hand, GPCR-based biosensors often respond to all molecules that interact with the
parental GPCR, resulting in artifacts when GPCR antagonists or agonists are concurrently
used.!! Furthermore, there are concerns about the overexpression of GPCRs, which may
perturb cell signaling that is highly organized and tightly controlled.!?

Blood-feeding arthropods can release soluble, monoamine-binding lipocalin
proteins to the feeding site of their hosts to neutralize host inflammatory responses and

13. 14 Because of their

prevent blood clotting, platelet aggregation, and vasoconstriction.
high binding affinity and specificity, we reasoned that these small (17 kDa) and monomeric
lipocalins could be explored to develop novel biosensors for monoamine neurotransmitters.
Moreover, the ability to express these proteins in a soluble format in E. coli should facilitate
high-throughput screening and detailed characterization of resultant biosensors.

Furthermore, these proteins are not naturally found in common model organisms, thereby

minimizing the interference of derived biosensors with endogenous signaling.

3.2. EXPERIMENTAL SECTION

3.2.1. Materials and General Methods
All chemicals were purchased from Fisher Scientific or Sigma-Aldrich and used

without further purification. Synthetic DNA oligos and the genes fragments for AM182



86
and D7r4 were purchased from Eurofins Genomics or Integrated DNA Technologies.

Restriction endonucleases and T4 DNA ligase were purchased from Thermo Fisher. DNA
sequences were analyzed by Eurofins Genomics. Phusion High-Fidelity DNA polymerase
from Thermo Fisher was used for typical DNA amplification and cloning. Taq DNA
polymerase from New England Biolabs was wused for error-prone PCR.
pCMV(MinDis).iGluSnFR (Addgene plasmid #41732),"> pAAV-hSyn-CheRiff-eGFP
(Addgene plasmid #51697),'¢ pLenti-ReaChR-Citrine(Addgene plasmid #50956),!” and
pCMV-R-GECO1 (Addgene Plasmid #32444)!® were gifts from Drs. Loren Looger, Adam
Cohen, Roger Tsien, and Robert Campbell, respectively. pAdDeltaF6 (Addgene plasmid
#112867) and pAAV2/9n (Addgene plasmid #112865) were gifts from Dr. James M.
Wilson. pMD2G (Addgene plasmid #12259) and psPAX2 (Addgene plasmid #12260)
were gifts from Dr. Didier Trono. All animal procedures were conducted in accordance
with the protocol approved by the Animal Care and Use Committee at the University of

Virginia.

3.2.2. Library Design, Construction, and Screening

We followed a procedure previously reported by Marvin et al.!® to analyze dihedral
angle changes and identify promising sites in AM182 and D7r4 for cpGFP insertion. Next,
a cpGFP fragment previously used to develop a genetically encoded H>S sensor?® was
amplified and inserted to the pre-identified sites using overlap PCR. The product was
cloned into a pTorPE plasmid!'® between Sal I and Hind III restriction sites for bacterial
periplasmic expression. To generate gene libraries, overlap PCR and oligos containing

degenerate codons (NNK) were used to randomize residues on the linkers between cpGFP
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and AM182 fragments, whereas error-prone PCR was used to randomize the whole sensor

gene. The resultant libraries were subjected to E. coli colony-based screening. Colonies
were imaged before and after spraying a fine mist of 100 M serotonin using a previously
described setup.?! Colonies exhibiting changes in fluorescence intensity was identified by
using an image processing method described by Kardash et al.?? Selected clones were
individually cultured in 1.8 mL liquid Luria-Bertani (LB) medium supplemented with 0.02%
L-arabinose and 200 pg/ml ampicillin with 250 rpm shaking at room temperature for 48 h.
Cell lysates were then prepared from bacterial pellets using a lab-made solution containing
0.5% octyl glucoside, 0.1 mg/mL chicken egg lysozyme, and 0.2 U/mL Benzonase in 20
mM Tris-HCI, pH 8. A BioTek Synergy Mx microplate reader was next used to test the
responses of cell lysates to 10 uM serotonin. Promising clones were selected for further

characterization or another round of protein engineering.

3.2.3. Protein Purification and One-Photon Spectroscopic Characterization

G-GESS in pTorPE was cloned into pBAD/His B and used to transform E. coli
DHI10B cells. Protein expression and Ni-NTA based protein purification were performed
as previously described.?? To remove any aggerate, proteins eluted from Ni-NTA beads
were subjected to size-exclusion chromatography through a HiPrep Sephacryl S-200 HR
gel filtration column (GE Healthcare) by using an elution buffer containing 100 mM NaCl
and 50 mM Tris-HCI, pH 7.4. Resultant proteins were further diluted with the
aforementioned elution buffer to a final concentration of ~ 100 nM and used for protein-
based assays, including one-photon spectroscopy, selectivity, and binding affinity

determination, on a monochromator-based BioTek Synergy Mx plate reader. The peak
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extinction coefficients and fractional concentrations of the neutral and anionic forms of G-

GESS were obtained by following the changes in one-photon absorption spectra (measured
with Lambda 950 spectrophotometer, Perkin-Elmer) upon gradual stepwise alkaline
titration by following a previously described protocol.?* Fluorescence quantum yields of
anionic forms were measured in dilute solutions (OD < 0.1) with an absolute method, using
Quantaurus-QY (Hamamatsu) integrating sphere fluorimeter by scanning the blue part of
absorption peak with a 5-nm step. Quantum yields for G-GESS did not depend on
excitation wavelength in the region of 460-480 nm and 460-500 nm in the absence and

presence of 5-HT, respectively.

3.2.4. Two-photon Spectral Characterization

Our experimental setup for two-photon spectral measurements includes a tunable
femtosecond laser InSight DeepSee Dual (Spectra Physics) coupled with a photon counting
spectrofluorimeter PC1 (ISS). The two-photon fluorescence excitation (2PE) spectra were
measured by automatically stepping laser wavelength and recording total fluorescence
intensity at each step. The detailed description of the experimental setup and measurement
protocol has been presented previously.?> A combination of filters, including FF01-770/SP,
BSP01-633R (both Semrock), and HQ535/50 (Chroma) was used in the left emission
channel of PC1 spectrofluorimeter to eliminate scattered laser light. To scale the two-
photon excitation spectra, we define a parameter called two-photon molecular brightness
F2(A). This parameter depends on excitation wavelength A. Usually, absorption spectra
(both one- and two-photon) of cpGFP-based sensors consist of two spectral bands: one for

the neutral GFP chromophore (subscript N in the following), and another for the anionic
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GFP chromophore (subscript A in the following). The two forms coexist in equilibrium

with the relative fractional concentrations pn and pa (pn + pa= 1) that can change upon
binding a ligand. The F>(A) value can be presented as follows: Fa(A) = pa@ac2,a(Ah) +
pNONG2,N(A), Where o is the fluorescence quantum yield of form A or N, and 62 is the two-
photon absorption cross section. Since we collect fluorescence spectrum through a
HQ535/50 filter, technically ¢n only comprises a part of fluorescence originating from
anionic deprotonated chromophore that appears after the excited-state proton transfer from
initially excited neutral form. To obtain the two-photon excitation spectrum in units of
molecular brightness, we independently measured pa, @a, and 62,ao(A) of the anionic form
in the presence or absence of 5-HT and normalized the unscaled 2PE spectrum to the
product pa@ac2,a(A). The cross section 62,A(A) was measured at the wavelength where the
contribution of the neutral form is negligible (A = 940 nm). This measurement was
performed using Rhodamine 6G in methanol as a well-characterized reference standard
(62,rRh66 = 9 GM at 940nm).? First, spectrally-integrated two-photon excited fluorescence
signal I was measured as a function of laser power P for both the sample and reference
solutions (samples were held in 3x3 mm cuvettes (Starna) with maximum optical density
<0.1). The total (spectrally integrated) fluorescence was collected at 90° to excitation laser
beam through FF01-770/SP (Semrock) and HQ535/50 (Chroma) filters, using the left
emission channel of a PCI1 spectrofluorimeter working in photon counting mode. The
power dependences of fluorescence were fit to a quadratic function I = aP?, from which the
coefficients as and ar were obtained for the sample (index S) and reference (index R)
solutions, respectively. Second, the one-photon excited fluorescence signals were

measured for the same samples and in the same registration conditions. In this case, a
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strongly attenuated radiation of a 477-nm line (selected with an interference filter Ealing

35-3565, tilted at 46°) of an IMA101040 ALS (Melles Griot) argon ion laser was used for
excitation. The fluorescence power dependences for the sample and reference were
measured and fit to a linear function: I = bP, from which the coefficients bs and br were

obtained. The two-photon absorption cross section was then calculated as follows:

bg es(A : o
0,5(A;) = z_zb_z% o,r(A;), where A; is the wavelength used for one-photon excitation

(477 nm), A, is the wavelength used for two-photon excitation (940 nm), and er s(A1) are
the corresponding extinction coefficients, measured at A;. This approach allows us to
automatically correct for the laser beam properties (pulse duration and spatial intensity
distribution), fluorescence collection efficiencies for one- and two-photon modes, PMT
spectral sensitivity, differences in quantum yields and concentrations between S and R
solutions. Molecular brightness of the anionic form was then calculated as a product F» =
pAPAG2,a(Am) With the 2P cross section taken at spectral maximum, An , for both states of
the sensor. The quantum yields, extinction coefficients, and fractional concentrations were
all determined independently through one-photon measurement. Finally, the two-photon

excitation spectra were scaled to the calculated F2(940) values.

3.2.5. Construction of Mammalian Expression and Viral Packaging Plasmids

The gene of G-GESS was amplified and used to replace the iGluSnFR gene in
pCMV(MinDis).iGluSnFR.!° Next, a gene fragment encoding Kir2.1-derived Golgi export
trafficking signal (KGC) and ER export signal (ER2) (KGC-ER2) was purchased from
Eurofins Genomics and inserted to the C-terminus of the PDGFRf transmembrane (TM)

domain, resulting in pmDisplay-G-GESS for sensor expression at the extracellular surface



91
of mammalian cells. Furthermore, the G-GESS gene fragment fused with the TM domain

and KGC-ER2 was amplified from pmDisplay-G-GESS and inserted into either pAAV-
hSyn-CheRiff-eGFP!® between Nco I and EcoR I restriction sites for AAV packaging, or
pLenti-ReaChR-Citrine!” between Age I and EcoR I restriction sites for lentiviral

packaging.

3.2.6. Culture and Transfection of Mammalian Cell Lines

HEK 293T and SH-SYS5Y were purchased from ATCC and MING is a gift from Dr.
Shuibing Chen (Weill Cornell). HEK 293T and MING6 cells were cultured as previously
described.?® SH-SYSY cells were cultured in DMEM/F-12 supplemented with 10% FBS,
100 U/mL penicillin, and 100 pg/ mL streptomycin. All cell lines were incubated at 37°C
in a humidified incubator containing 5% CO,. At 70-80% confluency, cells were
transfected with 2 pug of plasmid DNA and 5 pg of lipofectamine 2000 (Thermo Fisher).

Transfected cells were then cultured in complete medium for 24-36 h before imaging.

3.2.7. Culture and Transfection of Primary Neurons

Freshly extracted E18 mouse brain tissue was used to prepare dissociated neurons,
which were next cultured with 2 mL of NbActiv4 medium (BrainBits) in 35-mm glass
bottom culture dishes pre-coated with poly-D-lysine. Every two days, half of the cell
culture media was replaced with fresh NbActiv4. Neurons were transfected on day 7 by
following BrainBits’s protocol. Briefly, 1 mL of culture medium was taken out from each
35 mm dish and combined with another 1 mL of fresh NbActiv4. The conditioned medium

was incubated at 37°C and 5% CO.. A total of 4 pg of plasmid DNA and 8 pL of
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Lipofectamine 2000 (Thermo Fisher) were mixed in 100 pL of BrainBits Transfection

Medium and the resultant mixture was incubated at room temperature for 15 min. Next, 1
mL of warm, conditioned NbActiv4 medium was used to replace the medium in each 35
mm dish and the transfection mixture was then added. After 3 h of incubation at 37°C in a
5% CO; incubator, the medium was exchanged again to the conditioned medium. Half of
the culture medium was exchanged every two days. Fluorescence imaging was performed

between 48 and 72 hours after transfection.

3.2.8. Fluorescence Imaging of Cultured Cells

Unless otherwise noted, images were acquired using a 40% oil immersion objective
lens on an inverted Leica DMi8 microscope equipped with a Leica SPE-II spectral confocal
module and a Photometrics Prime 95B Scientific CMOS camera. The confocal module was
used to analyze localization. A 488-nm laser was used to excite G-GESS, and emission
was collected at 500-700 nm. The wide-field Prime 95B camera and a GFP filter cube with
a 470/40 nm bandpass excitation filter and a 525/50 nm bandpass emission filter were used
for time-lapse imaging. To image the response of G-GESS at the surface of HEK 293T
cells to 5-HT, transfected HEK 293T cells were washed three times with Dulbecco's
phosphate-buffered saline (DPBS) before imaging. Images were taken prior to or after
addition of serotonin. To image serotonin release in MING6 cells, transfected MING6 cells
were thoroughly washed and incubated with Hank’s balanced salt solution (HBSS)
containing 2.5 mM glucose. After starvation for 40 min, cells were rinsed with fresh HBSS
containing 2.5 mM glucose and then retained in the buffer for imaging. Time-lapse images

were acquired every 2 seconds. Following the initial ~30 seconds of image acquisition,
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MING cells were stimulated with 25 mM glucose and fluorescence imaging continued for

an additional 4.5 min. To image serotonin release in SH-SYSY cells, transfected SH-SYSY
cells were washed with DPBS three times and then retained in the buffer for imaging. After
approximately 1 min of initial acquisition, SH-SYSY cells were stimulated with 0.1 pM
nonivamide and fluorescence imaging continued for an additional 6 min. To image the
direct response of G-GESS at the surface of primary neurons to 5-HT, transfected neurons
were washed three times with Tyrode's buffer (119 mM NacCl, 2.5 mM KCI, 2 mM CaCl,,
2 mM MgCl,, 25 mM HEPES, and 30 mM glucose, pH 7.4) and then retained in the buffer
for imaging. Images were taken in the presence or absence of 10 pM serotonin. To image
endogenous serotonin release in neurons, an excitatory Tyrode’s buffer (32 mM NaCl, 90
mM KCI, 2 mM CaCly, 2 mM MgCl,, 25 mM HEPES, and 30 mM glucose, pH 7.4) was
used for stimulation. The photostability and response kinetics of G-GESS was determined
on the surface of HEK 293T cells using an upright Scientifica SliceScope Pro 1000
equipped with a Photometrics Prime 95B Scientific CMOS camera and a CoolLed
Enhanced pE-300"" LED light source. Photostability was examined by time-lapse
imaging when excitation light was left continuously on at either 5% or 100% of the overall
intensity. To determine the response kinetics of G-GESS, time-lapse imaging was
continuously performed with 10 ms exposure and a small amount of 1 uM 5-HT was locally
delivered to a cell of interest through a glass micropipette. A Picospritzer II microinjection

dispenser was used to deliver the brief, 10-ms puff of 5-HT.
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3.2.9. Preparation of Lentivirus and Adeno-Associated Virus (AAV)

We followed a protocol provided by Addgene and used the following plasmids
(prepared from maxiprep) for lentivirus production: pMD2G, psPAX2, and pLenti-hSyn-
G-GESS. The viral supernatant was filtered through a 0.45 um PVDF low protein binding
filter unit and further concentrated by PEG-8000 precipitation. Briefly, 4x Lentivirus
Concentrator Solution (40% PEG-8000 and 1.2 M NaCl) was mixed with the combined
viral supernatant and constantly shaken at 60 RPM and 4°C for 4 h. The solution was then
spun down at 1600x g and 4°C for 60 min. Supernatant was removed without disturbing
the pellet which contains the lentivirus. Next, the viral pellet was thoroughly resuspended
with DPBS containing Ca?* and Mg?* at 1/500 of the original supernatant volume. The viral
solution was aliquoted, flash frozen, and stored at -80°C. The plasmids (prepared from
maxiprep) used in AAV production were as follows: pAdDeltaF6, pAAV2/9n, and pAAV-
hSyn-G-GESS. The AAV packing, purification, and tittering protocol were adopted from

Rego et al.?’

3.2.10. Preparation, Stimulation, and Imaging of Acute Brain Slices

Intracranial stereotactic injection was used to deliver AAV-hSyn-G-GESS or Lenti-
hSyn-G-GESS virus into the hippocampus of 8§ weeks old BALB/cJ mice (The Jackson
Laboratory, Cat. #000651). A total of 3 pL virus was injected at a 1 uL/ min flow rate with
the following stereotaxic coordinate: from Bregma, AP +1.7mm, ML +1.2mm, and DV
+1.5mm.?® Once injection was completed, the syringe was left in place for 5 min before
being retracted. The surgical wound was closed with animal surgical glue and the animal

was left to recover. Three weeks after injection, acute hippocampal slices were prepared
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for imaging. Freshly extracted mouse brains were sliced into 350 pm thickness in an ice-

cold extracellular solution containing 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4, 1 mM
NaH>POy4, 26 mM NaHCO3, 2 mM CacCl,, and 10 mM glucose. Next, slices were allowed
to recover in the aforementioned slicing solution at 34°C for at least 40 min before being
used for experiments. All solutions were continuously bubbled with 95% O> and 5% COa.
A Scientifica SliceScope Pro 1000 equipped with a Photometrics Prime 95B Scientific
CMOS camera and a CoolLed Enhanced pE-300""* LED light source was used to image
evoked serotonin transients in brain slices. The excitation light source was set at 5-10% of
the overall intensity and exposure time was set to be 10 ms. Stimulation pulses were
generated in the Axon pClamp10 software with Molecular Devices Axon Digidata 1550B
and Multiclamp 700B, followed by further amplification with an Agilent/HP 6824A to
obtain a pulse amplitude of 30 and 50 V. 20 pulses (500 ps per pulse) at the frequencies of
8 Hz, 16 Hz, 32 Hz, and 64 Hz were used to locally stimulate the hippocampal CA1 region
via an FHC cluster bipolar microelectrode (Cat. # 30209). No obvious difference was
observed for brain slices prepared from AAV or lentivirus, so the data were analyzed

collectively.

3.2.11. In Vivo Mouse Imaging

Intracranial stereotactic injection was used to deliver Lenti-hSyn-G-GESS virus
was used to deliver Lenti-hSyn-G-GESS virus into the prefrontal cortex (PFC) and primary
visual cortex (V1) of BALB/cJ mice (The Jackson Laboratory, Cat. #000651, 6-8 weeks of
age) or C57BL/6J mice (The Jackson Laboratory, Cat. #000664, 6-8 weeks of age). The

stereotaxic coordinate for the V1 was: from Bregma, AP: +0.5 mm, ML: +2.5 mm, DV:
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+0.5 mm.?° The stereotaxic coordinates for PFC were: from Bregma, AP: +2.8 mm, ML:

+0.5 mm, DV: +0.5 mm. A total of 3 uL virus was injected into each mouse at a 1 uL/ min
flow rate. Once injection was completed, the syringe was left in place for 5 min before
being retracted. The surgical wound was closed with animal surgical glue and the animal
was left to recover. One week after viral injection, mice were anesthetized and
dexamethasone (Dex, 0.02 ml at 4 mg/ml) was administered by intramuscular injection to
quadriceps to reduce cortical stress responses and cerebral edema. A chronic cranial
imaging window made from a 3x3 mm round cover glass (no. 1 thickness) and a 55 mm
cover glass (no. 1 thickness) was installed according to a previously reported protocol.>
Mice were allowed to recover for additional two weeks and Dex was administered once
daily in the first seven days after imaging window installation. The mouse was anesthetized,
head-fixed on a holder, and placed under a Scientifica SliceScope Pro 1000 for one-photon
imaging. Imaging sessions started when the mouse woke up from anesthesia. MDMA was
1.p. delivered at a dose of 10 mg per kg of body weight and images were acquired with a
50-ms exposure and 10-s intervals. Fluvoxamine (Flu) was i.p. delivered at a dose of 2 mg
per kg of body weight and images were also acquired with a 50-ms exposure and 10-s
intervals. Reserpine (Res) was 1.p. delivered at a dose of 0.2 mg per kg of body weight near
the end of the imaging session. For the cued fear condition experiment, mice were imaged
with a 10-ms exposure and 50-ms intervals. To train mice, a dark slide was shown for 5 s,
followed by a white slide for another 5 s and a 1-s electric footshock (0.6 mA) during the
showing of the white slide. For each training session, the aforementioned procedure was
repeated five times. The training was performed in five sequential days. Mice were next

used for analyzing responses to different stimulation conditions.
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3.2.12. Data and Statistical Analysis

Microsoft Excel, GraphPad Prism, and Affinity Designer were used to analyze data
and prepare figures for publication. Two-way ANOVA with Sidak’s multiple comparisons
test or unpaired two-tailed t-tests was used to determine all P values. No sample was
excluded from data analysis, and no blinding or randomization was employed. Sample size
and the number of replications for experiments are presented in figure legends. No
statistical methods were used to pre-determine the sample size. Unless otherwise indicated,
data are shown as mean and standard deviation (s.d.,) and error bars or shaded areas in all
figures represent s.d. Fiji (ImageJ) was used to analyze microscopic images. Imaging
background was typically subtracted by setting the rolling ball radius to 300 pixels. Time-
lapse images were corrected for motion using the StackReg plugin. Images stacks were
corrected for photobleaching by using a linear or exponential decay fitting of baselines.
F/Fo was generated using the “T-functions” plugin in the “Cookbook” menu and the

processed thresholded images were pseudocolored with a “Ratio” lookup table.

3.3. RESULTS AND DISCUSSION

3.3.1. Development of G-GESS

We surveyed the literature and identified AM182 from the soft tick Argas
monolakensis and D7r4 from the malaria mosquito Anopheles gambiae as two promising
candidates because of their reported high affinity to 5-HT and the availability of relevant
protein structures.!* ' We reasoned that insertion of cpGFP into these proteins at suitable

locations may result in allosteric coupling of ligand binding with cpGFP fluorescence
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(Figure 1a). To maximize the fluorescence change, successful insertion sites should

undergo significant local structural rearrangement to be transduced to modulate the
fluorescence of cpGFP. We thus analyzed 5-HT-dependent changes in dihedral angle
(defined by the C, atoms spanning every four sequential residues'”) on the basis of ligand-
bound and ligand-free protein structures. The apo and bound structures of D7r4 were both
reported, whereas the structure of AM182 was only available in the 5-HT-bound state.!3: 14
Therefore, we analyzed dihedral angle changes for AM10, a histamine-binding protein
homologous to AM182, and identified loops 4, 5 and 9 as promising insertion sites (Figure
2a-c). Similarly, we identified loop 2 of D7r4 for possible cpGFP insertion (Figure 2d-f).

We next experimentally inserted cpGFP into the identified loops. Insertion at loop
9 of AM182 resulted in a prototypic 5-HT biosensor (G-GESSO0.1) showing 5-HT-induced
10% fluorescence increase, whereas other insertion sites led to mutants that are either
unresponsive or nonspecifically responsive to 5-HT. We used G-GESSO0.1 as the template
for further engineering by integrating insertion linker optimization and whole-gene random
mutagenesis. We screened the resultant libraries by imaging of E. coli colonies on culture
plates before and after applying 5-HT, followed by plate reader-based characterization of
cell lysates of selected promising clones. Through multiple rounds of evolution (Figure 3),
we derived G-GESS with an overall 12-fold excitation-ratiometric response to 5-HT and
nearly 600% (AF/Fo) intensiometric fluorescence turn-on near its major absorbance peak

at ~500 nm (Figure 1a, b).
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Figure 1. Design and fluorescence characterization of G-GESS.
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Figure 1 continued. (a) Schematic representation of G-GESS, showing insertion of
cpGFP (green) into loop 9 of AM182 (magenta). Also presented at the bottom is the
domain arrangement of the primary sequence. (b) Excitation (dotted line) and emission
(solid line) spectra of purified G-GESS in the presence (green) or absence (black) of 5-
HT. Spectra were normalized to the maximal fluorescence of G-GESS in the absence of
10 uM 5-HT. (¢) Fluorescence of G-GESS in response to the indicated neurotransmitters
and other relevant substances (10 uM 5-HT and 100 uM of other molecules), showing
high specificity of G-GESS. n =3 for each group. (d) Dose-response curve of purified
G-GESS, showing nanomolar 5-HT binding (K¢ = 43 £ 5 nM) and high selectivity
against other structurally similar molecules including histamine (Kq = 2.3 £+ 0.4 mM),
5-HTP (Kq > 5 mM), and 5-HIAA (K4 > 5 mM). n =3 for each group. (e) Comparison
of photobleaching of G-GESS and sfGFP expressed at the surface of HEK 293T on a
wide-field microscope equipped with a LED light source at 5% and 100% intensity (12
= 126 s for G-GESS and 64 s for sfGFP at 100% intensity). Shown are average and
individual traces for 18 cells from 3 cultures for each group. (f) Dose-response curve of
G-GESS and its dead mutant G-dGESS expressed at the surface of HEK 293T, showing
nanomolar binding affinity of G-GESS to 5-HT (Kq = 120 + 8 nM). n =3 wells of cells
per group with 10° cells per well. (g) Representative fluorescence and pseudocolor
ratiometric images of G-GESS expressed at the surface of HEK 293T in the presence or
absence of 5-HT. This experiment was repeated three times with similar results using
independent cultures. Scale bar, 20 pm. (h) Analysis of G-GESS kinetics by puff
application of 1 uM 5-HT, showing fast, millisecond-range on and off responses. A
representative trace for 5 sequential applications of 5-HT to a single cell is shown at the
top. Presented at the bottom are normalized data points for 25 repeats (5 single cells
with 5 applications each) fitted for exponential growth and decay.
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Figure 2. Structural analysis to identify potential cpGFP insertion sites.

(a) Cartoon presentation of AM10. Loops showing ligand-dependent changes in
dihedral angle (defined by the C, atoms spanning every four sequential residues)
are highlighted in red. (b) C, dihedral differences calculated from dihedrals
between the ligand-bound (PDB 3BU1) and apo (PDB 3BS2) states of AMI10
plotted against residue numbers. (¢) Dihedral angles for residue 113 of AM10 in
the ligand-bound and apo states. (d) Cartoon presentation of D7r4. Loop 2
showing a 5-HT-dependent change in dihedral angle is highlighted in red. (e) C,
dihedral differences calculated from dihedrals between the ligand-bound (PDB
2QEH) and apo (PDB 2QEV) states of D7r4 plotted against residue numbers. (f)
Dihedral angles for residue 29 of D7r4 in the ligand-bound and apo states.
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Figure 3. Process to engineer G-GESS.

(a) Flowchart to illustrate our integrated, multi-step process to derive G-GESS. AF/Fy
for each sensor generation is also presented. From G-GESS0.3 to G-GESS0.4, several
N-terminal residues uninvolved in ligand binding were deleted, resulting in increased
fluorescence change. However, it was found later in G-GESS0.5 that these residues
were important for achieving good cell surface localization, so they were added back to
G-GESS0.6. From G-GESS0.6 to G-GESS0.7, superfolder mutations (previously
reported for sfGFP) were introduced into the cpGFP fragment of the sensor, resulting in
improved brightness and fluorescence change. (b) Sequence alignment of G-GESS with
two earlier variants.
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3.3.2. In Vitro Characterization

We determined key photophysical parameters of G-GESS (Table 1). When
saturated with 5-HT, the intrinsic brightness of G-GESS under one-photon excitation is ~
70% of EGFP.?! G-GESS has a broad two-photon excitation with good brightness and large
response between 880 and 990 nm (Table 1 & Figure 4). We further tested the specificity
of G-GESS against a panel of neurotransmitters and other relevant molecules, and none of
these compounds induced a noticeable fluorescence change at physiologically relevant
concentrations (Figure 1¢). Titrating G-GESS with 5-HT revealed a dissociation constant
(Kq) of ~ 43 nM with > 5x10°-fold selectivity over structurally similar molecules such as
histamine, 5-hydroxyindoleacetic acid (5-HIAA), and 5-hydroxytryptophan (5-HTP)

(Figure 1d).

Table 1. One-photon and two-photon photophysical parameters of G-GESS.

Chromophore | Fluorescence Extinction Fractional One-photon | 2PA cross Two-photon
charge state quantum yield | coefficient € concentration | brightness F; | section brightness F»
o) M'em')at | patpH7.4 1103 M o2(GM)at | *(GM)
Amax cm™ A2Pmax
In the absence of 5-HT
Neutral ND ¢ 35,400 at 401 | 0.94 ND ¢ ND ¢ ND ¢
nm
Anionic 0.80 71,000 at 501 | 0.06 3.4 27+ 4 at 1.51
nm 940 nm
In the presence of 5-HT
Neutral ND ¢ 36,100 at 397 | 0.51 ND ¢ ND ¢ ND ¢
nm
Anionic 0.66 72,900 at 498 | 0.49 23.6 33+ 5at 10.7
nm 940 nm

2 Fy 1s defined as ex@xp.

b F, is defined as o2 xpxp.

¢ Not determined.
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Figure 4. Two-photon fluorescence characterization of G-GESS.

(a) Two-photon fluorescence excitation spectra in the presence (green) and
absence (black) of 5-HT. (b) Ratio of two-photon excitation in the presence over
absence of 5-HT plotted against wavelength, suggesting a good performance of
G-GESS in two-photon imaging of cells and tissues. G-GESS has high two-photon
brightness and large response (AF/F =~ 700%) in a wide spectral range (880-990
nm) matching well with the near-infrared tissue-transparent window.

3.3.3. HEK293T Cells Characterization

We next cloned G-GESS into pmDisplay (Figure 5), a modified pDisplay plasmid
containing C-terminal Kir2.1-derived Golgi export trafficking signal (KGC) and ER export
signal (ER2),?? and observed excellent localization of G-GESS at the surface of HEK 293T
cells (Figure 6). G-GESS displayed better photostability than superfolder GFP (sfGFP),
and ~ 350% (AF/Fo) fluorescence increase in response to 5-HT with a K4 of ~ 120 nM
(Figure 1e-g). We next monitored the sensor’s response to a local application of 5-HT and
determined the half-time (to.5) for association and spontaneous dissociation to be 27 ms and
840 ms, respectively (Figure 1h). Moreover, we introduced two mutations into G-GESS,

resulting in a dead mutant control, G-dGESS (Figure 7).
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Figure 5. Plasmid maps for mammalian expression of G-GESS.

(a-c) Plasmid map for pmDisplay-G-GESS, pLenti-hSyn-G-GESS, pAAV-hSyn-G-
GESS, respectively. To localize G-GESS to the extracellular membrane of
mammalian cells, an N-terminal IgG « light chain leader sequence and a C-terminal
PDGFR}p transmembrane (TM) domain were appended. In addition, a Kir2.1-derived
Golgi export trafficking signal (KGC) and a Kir2.1-derived ER export signal (ER2)
were added to the C-terminus. The size of G-GESS is 44 kDa. The minimal element
to achieve mammalian membrane localization (G-GESS+PDGFRB TM) is 50 kDa,
whereas the overall size (G-GESS+PDGFR TM+KGC+ER?2) is 53 kDa, in addition
to an autocleavage, 2-kDa IgG « leader sequence.
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Figure 6. Characterization of pmDisplay-G-GESS membrane localization in
HEK 293T cells.

(a) Representative fluorescence images of HEK 293T cells co-transfected with
pmDisplay-G-GESS and pCMV-R-GECOI1, showing excellent membrane
localization of G-GESS. Red fluorescent Ca®* sensor R-GECO1 was co-expressed
as a whole-cell label. Scale bar, 20 um. (b) Fluorescence intensity measured over the
white line shown in the “overlay” image of panel a, further confirming excellent
membrane localization of G-GESS in mammalian cells. These experiments were
repeated three times with similar results using independent cultures.
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pmDisplay-G-dGESS

+5-HT (100 pM)

Figure 7. Construction of G-dGESS, a dead mutant of G-GESS.

(a) Cartoon presentation of AM182 (PDB 3BRN), highlighting the 5-HT
ligand (magenta) and two residues (F58 and D106; colored in cyan and
numbered according to PDB 3BRN) important for ligand binding. Mutations
corresponding to FS8A and D106L were introduced into G-GESS to create a
dead mutant named “G-dGESS”. (b) Representative fluorescence images of
G-dGESS expressed at the surface of HEK 293T cells, showing no response
to 5-HT. This experiment was repeated three times with similar results using
independent cultures. Scale bar, 20 pm.

3.3.4. MING6 Cells, Neuroblastoma Cells and Cultured Neurons Characterization

We further used G-GESS to monitor physiological 5-HT dynamics. 5-HT is
suggested to be synthesized and released from pancreatic B-cells to modulate insulin
secretion and islet function.** However, it has been challenging to directly observe glucose-
induced 5-HT secretion.®> We expressed G-GESS at the surface of mouse MIN6 B-cells
and observed ~ 25% fluorescent increase, indicating a successful detection of 5-HT
secretion triggered by high glucose (Figure 8a,b). Furthermore, we expressed G-GESS in
SH-SYS5Y neuroblastoma cells and primary mouse neurons, and imaged 5-HT secretion in
response to nonivamide*® and high potassium induced membrane polarization, respectively

(Figure 8c-f). G-dGESS was unresponsive under these conditions.
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Figure 8. Imaging of 5-HT release in p-cells, neuroblastoma cells, and
primary mouse neurons.

(a) Representative images of G-GESS expressed at the surface of mouse
pancreatic MING6 B-cells. Scale bar, 20 pm. (b) Fluorescence traces of G-GESS
in response to high glucose (25 mM), showing glucose-induced 5-HT secretion
from B-cells. n=7 cells for G-GESS and 6 cells for G-dGESS from 3
independent repeats. (¢) Representative images of G-GESS expressed at the
surface of SH-SYS5Y neuroblastoma cells. Scale bar, 20 pm. (d) Fluorescence
traces of G-GESS in response to nonivamide (0.1 uM), showing nonivamide-
induced 5-HT secretion from neuroblastoma. n=13 cells from 3 repeats for each
group. (e) Representative images of G-GESS expressed at the surface of
primary mouse neurons in response to 5-HT (10 pM). Also shown is a
pseudocolor ratiometric image of the neuron in the presence over absence of 5-
HT. Scale bar, 20 um. This experiment was repeated three times with similar
results using independent cultures. (f) Fluorescence traces of G-GESS at the
surface of primary mouse neurons, showing 5-HT secretion in response to high
potassium induced membrane polarization. n=19 cells for G-GESS and 12 cells
for G-dGESS from 4 repeats. Shaded areas of F/Fo traces indicate s.d.
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3.3.5. Acute Brain Slices Characterization

To examine the function of G-GESS in acute brain slices, we injected G-GESS or
G-dGESS lentivirus or adeno-associated virus (AAV) to the mouse hippocampus and
prepared acute brain slices three weeks after infection (Figure. 9a, b). We detected up to
35% fluorescence increase with excellent signal-to-noise ratio from G-GESS in the
hippocampal CA1 region following extracellular field stimulation. The kinetics and
magnitude of such responses are dependent on stimulation voltage and frequency (Figure
9c-f). In contrast, no fluorescence change was observed for G-dGESS stimulated by the

same pulses.

a G-GESS Microscope TN Peak F/F,
or G-dGESS -« 2
% 3 weeks . — .y
later — Stim ( b e
o — S 2
g =S4
. hippocampus
E PP
1.4 64Hz 50V
d
%]
] 32Hz 50V ]
g3 2 — toHzsov 3T k) 64Hz 30V
U\“: 1.2 by — 8Hz 50V &1.2— 2 — 32Hz30V
1.1 NIAL —eaHzsov | & — 16Hz 30V
: ] A (G-dGESS) : (s
1.0 TR 1.0 S essiitonat,
0 9 L] I 1 I L] I L] -I O 9 L] I L] I L] I L]
0 10 20 30 40 0 10 20 30 40 64~ 32 16 8
Time (s) Time (s) Stim frequency (Hz)

Figure 9. Imaging of 5-HT release in acute mouse brain slices.

(a) Schematic diagram illustrating the preparation of acute mouse brain slices
with viral expression of G-GESS in the hippocampus. (b) Representative
fluorescence images of G-GESS-expressing mouse brain slices. Scale bar, 200
pum. (c¢) Representative fluorescence images of G-GESS-expressing
hippocampal neurons in mouse brain slices in response to electrical stimuli (20
pulses at 64 Hz). Also shown is a pseudocolor ratiometric image (peak F/Fo)
of a representative neuron. Scale bar, 20 pm. (d) Fluorescence traces of G-
GESS in response to 20 pulses of electric stimuli at 50 V and the indicated
frequencies.
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Figure 9 continued. (e) Fluorescence traces of G-GESS in response to 20
pulses of electric stimuli at 30 V and the indicated frequencies. (f) Maximal
fluorescence ratio change (peak F/Fo) plotted against stimulation frequency at
50 V or 30 V, showing that the magnitude of the change is dependent on
stimulation voltage and frequency (*P= 0.0015, **P= 0.021, significance
determined by 2-way ANOVA with Sidak’s multiple comparisons test). n=3
slices from 2 mice for each group. Shaded areas of F/Fy traces indicate s.d.

3.3.6. Live Mice Imaging

To examine whether G-GESS can reveal the spatiotemporal releases of 5-HT in
live mice, we expressed G-GESS in the prefrontal cortex (PFC) and i.p. administered
methylenedioxymethamphetamine (MDMA), a compound known to stimulate the release
of 5-HT in the brain.’” The fluorescence of G-GESS was followed through a pre-installed
cranial imaging window and a robust, 57% fluorescence increase was observed (Figure
10a-c). Similarly, we examined the response of G-GESS to fluvoxamine (Flu), a well-
established selective serotonin reuptake inhibitor.’® Flu elicited the rise of G-GESS
fluorescence, which can be reversed by reserpine (Res), a vesicular monoamine transporter
inhibitor known to deplete extracellular 5-HT (Figure 10d).>® G-dGESS or injection of
saline led to no obvious response during these conditions.

Finally, we tested whether G-GESS can detect physiological 5-HT transients in
response to behavioral stimuli. G-GESS was expressed in mouse primary visual cortex
(V1) and cued fear conditioning was used to induce endogenous 5-HT changes (Figure
10e-i). A dark-light transition was established and footshock stress was introduced during
the light condition. Expected and unexpected footshock evoked ~16% and ~10% of

fluorescence rise, respectively, while visual stimulation alone caused nearly 5% increase.
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The response of G-GESS to footshock and visual stimulation during the day 1 training was

only ~3%. No response was observed for G-dGESS. These results collectively suggest that
the learning process reinforced 5-HT responses in visual cortex and G-GESS can reveal

such transient, physiological 5-HT dynamics.
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Figure 10. Imaging of endogenous 5-HT dynamics with G-GESS in mice.
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Figure 10 continued. (a) Schematic diagram illustrating viral expression and in vivo
imaging of G-GESS in the PFC of head-fixed mice. (b) Representative fluorescence
image of G-GESS one-photon microscopy. Scale bar, 20 um. (¢) Representative
ratiometric images and average intensity traces upon MDMA (10 mg/kg, i.p.)
administration. G-dGESS and saline injection were used as the control groups. (d)
Representative ratiometric images and average intensity traces after fluvoxamine (flu,
2 mg/kg, i.p.) and reserpine (Res, 0.2 mg/kg, i.p.) treatments. (e) Schematic diagram
illustrating a cued fear conditioning experiment, including visual cue (dark-light
transition) and footshock stress. (f) Schematic diagram illustrating the training and
experimental process. During the training, a dark slide was shown to mice for 5 s,
followed by a white slide for 5 s during which a 1-s electric footshock was given. After
training for 5 days, three conditions were presented to mice. (g) Representative average
fluorescence traces for G-GESS during Day 1 training and after training. n=3 mice for
each group and each mouse for 5 times of stimulation. (h) Representative average
fluorescence traces for G-GESS and G-dGESS after training in response to the indicated
stimulation conditions. n=3 mice for each group and each mouse for 5 times of
stimulation. (i) Normalized average peak fluorescence change (AF/Fo) and Z-score for
the indicated 5 experimental groups (****P<0.0001, ***P<0.001, **P<0.01, *P<0.1,
significance determined by 1-way ANOVA with Tukey's multiple comparisons test).
n=3 mice for each group.

3.4. CONCLUSIONS

In summary, using a structure-guided protein engineering workflow, we developed
the first lipocalin-based 5-HT sensor by inserting a cpGFP into a 5-HT-binding protein
from the soft tick. G-GESS is a robust sensor with excellent fluorescence change,
brightness, photostability, specificity, and fast millisecond-range kinetics and nanomolar
affinity. We used G-GESS to image physiological 5-HT changes in -cells, neuroblastoma,
primary neurons, and acute brain slices. We further imaged 5-HT dynamics in the brains
of live mice in response to drugs and behavioral triggers. Since 5-HT plays important roles

both within and beyond the CNS, G-GESS will enable a large array of studies in various
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biological systems. Although we here focus on the use of G-GESS at cell surface to detect

secreted 5-HT, we envision that G-GESS can also be targeted to cellular subdomains to
monitor intracellular 5-HT because, intrinsically, G-GESS is not a membrane protein.
Furthermore, in comparison to PBP- or GPCR-based neurotransmitter biosensors, G-GESS
is relatively small in size, facilitating the potential use of viral vectors, often with limited
packaging capacities, to deliver multiple genes. In addition, diverse lipocalins exist in
nature*® and the lipocalin scaffold has been exploited in laboratories for engineering of
antibody mimetics.*! Therefore, there is a great opportunity to use the knowledge we
gained in this study to drastically expand lipocalin-derived fluorescent biosensors.

To the best of our knowledge, Dr. Lin Tian at UC Davis and Dr. Yulong Li at
Peking University are also working on genetically encoded serotonin sensors, with the
names of iSeroSnFR (not published) and GRABs.ut,*? respectively. Our G-GESS sensors
are based on a strategy different from theirs. Thus, we expect that each of these sensors
will have different properties, are best suited for different applications, and can
complement each other to answer biological questions. Together, this collection of studies

will result in a toolbox of genetically encoded biosensors for serotonin.
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Chapter 4

A General Strategy to Red-shift Green Fluorescent Protein Based Biosensors

ABSTRACT

Compared to green fluorescent protein (GFP) based biosensors, red fluorescent
protein (RFP) based biosensors are inherently advantageous because of reduced
phototoxicity, decreased autofluorescence, and enhanced tissue penetration. However,
there is a limited choice of RFP-based biosensors and development of each biosensor
requires significant effort. Herein, we describe a general and convenient method which
uses the genetically encoded amino acid, 3-aminotyrosine (aY), to convert GFPs and GFP-

based biosensors into red.

4.1. INTRODUCTION

Fluorescent protein (FP) based biosensors are indispensable research tools.**
Despite that RFP-based biosensors are increasingly reported, the emission of most existing
FP-based biosensors falls in the green or yellow spectral region.’ Their spectral overlap
hinders and sometimes precludes multiplexing. Moreover, RFP-based biosensors are
expected to reduce phototoxicity and autofluorescence and increase photon penetration and
imaging depth. However, existing RFP-based biosensors often suffer from small dynamic
range, mislocalization, and undesired photoconversion.> Thus, RFP-based biosensors are

repeatedly outperformed by their green fluorescent counterparts in reality. In this context,
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there is a pressing need to expand RFP-based biosensors for not only a broader range of

analytical targets but also enhanced properties.

Although several green-to-red, photoconvertible FPs have been reported and
widely used,* there is limited success to directly convert a typical GFP to an RFP. In one
study, mutagenesis of GFP resulted in an “R10-3” mutant containing a mixture of green
and red fluorescent chromophores.! A few other studies reported green-to-red

photoconversion under anaerobic conditions,'!> 12 under extensive ultraviolet or blue
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Figure 1. Green-to-red conversion of sfGFP by 3-aminotyrosine (aY). (a)
Chemical structure of aY. (b) Imaging of sfGFP and aY-sfGFP proteins prepared
from E. coli. (c) Microscopic imaging of HEK 293T cells co-transfected with
pMAH-EcaYRS and pcDNA3-sfGFP or pcDNA3-sfGFP(Tyr66TAG), showing
red fluorescence of aY-sfGFP in mammalian cells. Scale bar: 20 pm. (d)
Fluorescence excitation and emission spectra of sftGFP (cyan and green) and aY-
sfGFP (orange and magenta), suggesting that sfGFP and aY-sfGFP can be
sequentially imaged with little crosstalk using appropriate filters. Transmission
spectra for excitation and emission filters designated with Chroma Technology
part numbers are also plotted (gray and blue). The experiments in panel b-d were
repeated three times with similar results.
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13,14 or in the presence of electron receptors.'>

irradiation with high GFP expression levels,
16 Nevertheless, these approaches usually lead to incomplete photoconversion; there is no
reliable evidence that they can be generalized for green-to-red conversion of diverse GFP-
like proteins and their derived biosensors.

We here present a general and convenient method, which uses genetic code
expansion'’ to introduce a noncanonical amino acid (ncAA), aY (Figure 1a), to the
chromophores of GFP-like proteins and biosensors for spontaneous and efficient green-to-

red conversion.

4.2. EXPERIMENTAL SECTION

4.2.1. Materials, reagents, and general methods

Synthetic DNA oligonucleotides were purchased from Eurofins Genomics or
Integrated DNA Technologies. The gene fragments for dLight1.2, SoNar, and iNap1 were
chemically synthesized and purchased from Eurofins Genomics. CMV-B-GECOI
(Addgene plasmid # 32448) and pTorPE-G-GECO1 (Addgene plasmid # 32466) were gifts
from Dr. Robert Campbell (University of Alberta). pCMV(MinDis).iGluSnFR (Addgene
plasmid # 41732) and pAAV.hSynap.iGABASnFR (Addgene plasmid # 112159) were
gifts from Dr. Loren Looger (Janelia). pm-iATPSnFR1.1 (Addgene plasmid # 102549) was
a gift from Baljit Khakh (UCLA). FUGW-PercevalHR (Addgene plasmid # 49083) was a
gift from Dr. Gary Yellen (Harvard). Wild-type MjTyrRS and EcTyrRS genes were gifts
from Dr. Peter Schultz (Scripps). ZnGreenl was previously reported by our lab.'®

FastDigest restriction endonucleases and Phusion High-Fidelity DNA Polymerase were
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purchased from Fisher Scientific. ChoiceTaq DNA polymerase was purchased from

Denville Scientific. The aY amino acid (a.k.a. H-3-amino-Tyr-OH-2HCI, Cat # 402789)
was purchased from Bachem. 2-Deoxy-D-glucose (a.k.a. 2-DG, Cat # D0051) and
tetramethylazodicarboxamide (a.k.a. diamide, Cat # A1458) were purchased from TCI
America. Dopamine hydrochloride (Cat # A11136), ionomycin (Cat # J62448), and
reduced B-nicotinamide adenine dinucleotide (a.k.a. NADH, Cat # J61638) were purchased
from Alfa Aesar. N,N,N',N'-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (a.k.a. TPEN,
Cat # 13340) and B-nicotinamide adenine dinucleotide phosphate reduced tetrasodium salt
(a.k.a. NADPH, Cat # 9000743) were purchased from Cayman Chemical. Oxidized B-
nicotinamide adenine dinucleotide (a.k.a. NAD", Cat # 481911) was purchased from
Sigma-Aldrich. Monosodium L-glutamate (Cat # GL135) was purchased from Spectrum
Chemical. Cell culture media were purchased from Corning. Other chemicals were
purchased from Fisher Scientific. DNA sequencing was performed by Eurofins Genomics.
Fluorescence images were acquired with a Leica DMi8 inverted microscope equipped with
a Photometrics Prime 95B Scientific CMOS camera. A TRITC filter cube with a 545/25
nm bandpass excitation filter and a 605/70 nm bandpass emission filter was used to record
red fluorescence from aY-modified FPs and biosensors. A FITC filter cube with a 470/40
nm bandpass excitation filter and a 520/40 nm bandpass emission filter was used to record
green fluorescence from corresponding FPs and biosensors. A DAPI filter cube with a
377/50 nm bandpass excitation filter and a 447/60 nm bandpass emission filter was used
to record blue fluorescence from B-GECO. Other general information is available from the

“Life Sciences Reporting Summary”.
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4.2.2. Identification of aaRS for genetic encoding of aY in E. coli

Starting with the Protein Data Bank (PDB) entry, 2ZP1, which is an MjTyrRS
mutant (MjTyrRS-H70A/D158T/1159S/D286Y) in complex with 3-iodotyrosine,' random
mutagenesis at residue 70 was computationally introduced and the energy score function
embedded in Autodock Vina 1.1.2" was used to assess the binding free energies of all
complexes. By following our previously reported procedure,” a promising MjTyrRS
mutant with H70S, DI58T, 1159S, and D286Y mutations (designated MjaYRS) was
identified. These mutations were next experimentally introduced into the wild-type
MjTyrRS by using sequential overlap PCR reactions and the resultant gene fragment was
ligated into the previously reported pEvol plasmid.?® Next, pEvol-MjaYRS and pBAD-
sfGFP(Tyr66TAG) were used to co-transform bacterial DH10B cells. A colony picked
from LB agar plates supplemented with ampicillin (100 pg/mL) and chloramphenicol (50
pg/mL) was used to inoculate 2 mL of LB at 37°C. Next day, the saturated culture was
added to 100 mL of 2xYT. When ODsoo reaches 0.6, L-arabinose (0.2%, w/v) and the aY
amino acid (2 mM) were added to induce protein expression. After two additional days of
shaking incubation at 250 rpm and 30°C, cells were pelleted and lysed with sonication. A
control sample without aY was simultaneously prepared. Fluorescence of cleared cell
lysates was analyzed. Strong red fluorescence was observed only for the positive group to
which aY was added during protein expression. Ni-NTA agarose beads (Thermo Scientific)
were added to remaining lysates and 6xHis-tagged proteins were purified by following the
manufacturer’s instructions. Proteins eluted from Ni-NTA beads were analyzed with SDS-
PAGE and a band matching the size of full-length sfGFP was observed. Moreover, the

eluted protein was desalted by precipitation with methanol and chloroform. The protein
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pellet was dissolved in ddH>O supplemented with 1% formic acid and injected into a

Waters SQD2 electrospray ionization mass spectrometer (ESI-MS). The molar mass of the

intact protein was determined by deconvolution of ESI peaks in MagTran1.03.2!

4.2.3. Identification of aaRS for genetic encoding of aY in mammalian cells

On the basis of the PDB entry 1WQ3, which is an EcTyrRS mutant in complex
with 3-iodotyrosine,?? residues 37 and 195 of EcTyrRS were identified for mutagenesis.
First, a D265R mutation was introduced to EcTyrRS using overlap PCR because the
mutation was reported to increase anticodon recognition by the aaRS.? Furthermore, a gene
fragment encoding the tyrosine editing domain of phenylalanyl-tRNA synthetase (PheRS)?
was purchased from Eurofins Genomics and inserted to EcTyrRS via overlap PCRs,
resulting in EcTyrRS* for reduced activity toward tyrosine. Using the aforementioned
EcTyrRS* as the template, overlap PCRs were used to introduce mutations to residues 37
and 195 (numbered according to the wild-type EcTyrRS) and a total of 30 variants (residue
37: A, S, I, T, L, or V; and residue 195: A, N, S, T or C) in the pMAH vector?® 2* were
generated. These pMAH plasmids were used to co-transfect HEK 293T cells with
pcDNA3-EGFP(Tyr39TAG).?* 2 The aY amino acid (2 mM) was supplemented to cell
culture media. After 2 days of incubation, cell lysates were prepared, and their fluorescence
was determined by using a BioTek Synergy Mx plate reader. By comparing the lysate
fluorescence of cells cultured in the presence and absence of the aY amino acid, an
EcTyrRS* mutant with the highest incorporation specificity and efficiency was identified.
This pMAH-aYRS plasmid was again used to co-transfect HEK 293T cells with pcDNA3-

EGFP(Tyr39TAG), and the fluorescence difference of HEK 293T in the presence and
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absence of aY was confirmed with fluorescence microscopy. Furthermore, the full-length

EGFP was purified using Ni-NTA agarose beads, desalted, and analyzed with ESI-MS as

aforementioned.

4.2.4. Detection of aY-sfGFP fragmentation using SDS-PAGE

Following a previously reported method,? purified aY-sfGFP in 1x SDS gel-
loading buffer was either unboiled or boiled at 100°C for 10 min, before being loaded to a
15% SDS-polyacrylamide gel (PAGE). Similarly treated mCherry and sfGFP were used

for comparison. After electrophoresis, the gel was stained with Coomassie blue R-250.

4.2.5. Construction of expression vectors for FPs and biosensors

Briefly, overlap PCRs with mutagenic primers were used to replace the codon of
the chromophore tyrosine with the amber codon (TAG). The assembled gene fragments
were inserted into either pPBAD/His B between Xho I and Hind III restriction sites for E.
coli expression, or pcDNA3 between Hind III and Xho I restriction sites for mammalian
expression. To express the amber variants of iGABASnFR and iGluSnFR on mammalian
cell surface, the gene fragments were inserted to pDisplay between Bgl II and Sal I
restriction sites. In addition, two residues of SoNar, iNap1, and PercevalHR corresponding
to residues 68 and 69 of wild-type GFP were mutated to V and M, respectively, because
these mutations were found to promote the formation of the red chromophore. For
comparison purposes, pBAD/His B, pcDNA3, and/or pDisplay plasmids harboring the
genes of wild-type fluorescent proteins and biosensors were created in parallel. To express

biosensors such as SoNar in mitochondria, overlap PCRs were used to add an N-terminal
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mitochondrial localization sequence (MLSLRQSIRFFKPATRTLCSSRYLL) and the

resultant gene fragments were inserted into pcDNA3 between Hind III and Xho I.

4.2.6. Spectral characterization of biosensors

Wild-type and aY-modified G-GECOI1, ZnGreenl, iGluSnFR, SoNar, iNapl,
PercevalHR, and iATPSnFR1.1 in pBad/HisB were used to express proteins in E. coli
DHI10B and purified as N-terminal 6xHis-tagged protein as previously described.?®
Furthermore, the proteins were passed through a HiPrep Sephacryl S-200 HR gel filtration
column (GE Healthcare) by using elution buffers (10 mM MOPS, pH 7.2, and 100 mM
KCI for G-GECOL1 and its aY-modified variant; 150 mM HEPES, pH 7.4, 100 mM NacCl
and 0.5 mM TCEP for ZnGreenl and its aY-modified variant; and 50 mM Tris HCI, pH
7.4, and 100 mM NacCl for other biosensors). Sensor proteins were further diluted with
their corresponding elution buffers to the final concentrations of ~ 100 nM and then mixed
with other desired components for measurement of fluorescence excitation and emission
spectra on a monochromator based BioTek Synergy Mx plate reader. Spectral
characterization of dLightl.2 and iGABASnFR were directly performed with HEK 293T
cells. After transfection and sensor expression, ~ 1 million cells were dissociated and
thoroughly rinsed with Dulbecco's Phosphate-Buffered Saline (DPBS). Next, cells were
resuspended in 300 uL DPBS and aliquoted into two individual wells of a 96-well
microplate with or without supplementing dopamine or GABA. Fluorescence excitation

and emission spectra were next determined on a BioTek Synergy Mx plate reader.
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4.2.7. Culture and transfection of mammalian cell lines

HEK 293T cells and HeLa cells (purchased from ATCC and tested for mycoplasma
by PCR) were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 1 g/L
glucose and 10% fetal bovine serum (FBS) in a humidified 37°C incubator with 5% COx.
The day before transfection, 2.5x10° cells were used to seed each 35-mm cell culture dish.
At the time of transfection, 10 ug of PEI (linear polyethylenimine, 25 kDa, from
Polysciences) and a total of 4 pg of corresponding plasmid DNA (pcDNA3 biosensor
plasmid: pMAH-aYRS = 1:1, w/w) were mixed in 250 uL of Opti-MEM I Reduced Serum
Medium. Complexation lasted for 15 min at room temperature before addition of the
mixture to cells with FBS-containing DMEM pre-removed. After additional 3 h of cell
incubation at 37°C, the Opti-MEM mixture was replaced with DMEM supplemented with
10% FBS and 2 mM aY. Cell culture media were replaced every 36 h. Fluorescence
imaging was typically performed between 48 and 72 h post transfection. Mouse insulinoma
MING6 cells (a gift from Dr. Shuibing Chen at Weill Cornell Medical College; tested for
mycoplasma by PCR) were maintained in GlutaMAX-supplemented DMEM containing
4.5 g/L glucose, 10 mM HEPES (pH 7.4), 50 uM 2-mercaptoethanol, and 10% FBS at
37°C. The transfection procedure was similar to that of HEK 293T and HeLa, except for
that 6x10° cells were used to seed each 35-mm cell culture dish, and that commercial

Lipofectamine 2000 (Thermo Fisher) was used to replace PEI.

4.2.8. Culture and transfection of primary mouse hippocampal neurons
E18 mouse hippocampus was purchased from BrainBits. Dissociated neurons were

cultured with 2 mL of NbActiv4 medium (BrainBits) in 35 mm glass-bottom dishes pre-
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coated with collagen I (Cat # A1048301, Thermo Fisher). Every two days, half of the cell

culture medium was replaced with fresh NbActiv4. Neurons were transfected on day 7 by
following BrainBits’s protocol. Briefly, 1 mL of culture media were taken from each 35
mm dish and combined with another 1 mL of fresh NbActiv4. The conditioned medium
was incubated at 37°C and 5% COas. A total of 4 pg of plasmid DNA (G-GECOL1 : aY-
iGluSnFR : pMAH-aYRS = 1:2:2, w/w/w) and 8 pL of Lipofectamine 2000 (Thermo
Fisher) were mixed in 100 pL of BrainBits Transfection Medium and the resultant mixture
was incubated at room temperature for 15 min. Next, | mL of warm, conditioned NbActiv4
medium was used to replace the medium in each 35 mm dish and the transfection mixture
was then added. After 3 h of incubation in at 37°C in a 5% CO; incubator, the medium was
exchanged again to the conditioned medium without transfection mixture but
supplemented with 2 mM aY. Half of the aY-containing medium was exchanged every two

days. Fluorescence imaging was performed between 48 and 72 h post transfection.

4.2.9. Time-lapse imaging of aY-GECO1, aY-PercevalHR, aY-iATPSnFR, and aY-
SoNar in HeLa

For aY-GECO1, HeLa cells in DPBS (Ca**- and Mg**-free) were imaged every 1 s
for a duration of 13 min. Stimuli, such as 5 uM histamine, 1 mM CaCl, with 10 uM
ionomycin, and 2 mM EGTA with 5 uM ionomycin, were added sequentially. For aY-
PercevalHR or aY-iIATPSnFR, HeLa cells in Ca**- and Mg?*-containing Hank's Balanced
Salt Solution (HBSS) were imaged every 30 s and 10 mM 2-DG was added to induce

cellular ATP concentration changes. For aY-SoNar, HeLa cells in Ca*'- and Mg**-
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containing DPBS were imaged every 20 s and 1 mM sodium pyruvate was added as the

stimulus.

4.2.10. Time-lapse imaging of aY-ZnGreenl and aY-iNap1 in HEK 293T

For aY-GECOI1, HEK 293T cells in modified Krebs-HEPES-bicarbonate buffer
(KHB) containing 140 mM NaCl, 3.6 mM KCI, 0.5 mM NaH>PO4, 0.5 mM MgSOs, 1.5
mM CaCl, 10 mM HEPES, 2 mM NaHCOs3, and 3 mM glucose were imaged every 4 s.
ZnCly stock was prepared in slightly acidic pure water. TPEN and pyrithione stock
solutions were prepared in DMSO. KHB was then used to dilute Zn?*, pyrithione, and
TPEN to desired concentrations right before each use. For aY-iNapl, HEK 293T cells in

DPBS were imaged every min. 1 mM diamide was used to stimulate NADPH changes.

4.2.11. Imaging of metabolic dynamics of MING6 cells

Cells were transiently transfected as aforementioned with desired combinations of
plasmids and imaged between 48 and 72 h post transfection. Before imaging, cells were
washed thoroughly and left in HBSS (1 g/L glucose). Images were acquired every min. 20

mM D-glucose was added to stimulate MING6 cells.

4.2.12. Data and statistical analysis

Fiji was used to analyze microscopic images. Microsoft Excel, OriginPro,
GraphPad Prism, and Affinity Designer were used to analyze data and prepare figures for
publication. Paired two-tailed t-tests were used to determine all P values. No sample was

excluded from data analysis, and no blinding or randomization was employed. Unless
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otherwise indicated, data are shown as mean and s.d., and error bars in figures represent

s.d.

4.3. RESULTS AND DISCUSSION

By expressing orthogonal tRNA and aminoacyl-tRNA synthetase (aaRS) in live
cells, diverse ncAAs can be site-specifically introduced into proteins in response to
nonsense or four-base codons.!” To genetically introduce aY into proteins in E. coli, we
first examined a reported Methanococcus jannaschii tyrosyl-tRNA synthetase (MjTyrRS)
mutant but observed high cross-reactivity with Tyr.?’ Next, we examined another MjTyrRS
mutant, which was initially engineered for the genetic encoding of 3-iodotyrosine.! We
computationally docked aY to the active site of this enzyme and introduced
randomization.” We identified a promising MjTyrRS mutant (designated MjaYRS) with
Ser at residue 70, which mutation may promote H-bonding with the side-chain amino group
of aY (Figure 2a). Next, we expressed a superfolder GFP (sfGFP)* mutant with an amber
codon introduced to its residue 66 in the presence of MjaYRS and the corresponding amber
suppression tRNA. We observed strong fluorescence and obtained the full-length protein
in good yield (~ 6.7 mg per liter of culture) when aY was supplemented (Figure 2b, c).
We further characterized the resultant protein with electrospray ionization mass
spectrometry (ESI-MS) and confirmed the incorporation of aY to sfGFP (Figure 2d).

To genetically encode aY in mammalian cells, we took E. coli tyrosyl-tRNA
synthetase (EcTyrRS) as our starting point (Figure 3a). We first introduced a D265R

mutation to increase anticodon recognition by the aaRS,? and further inserted a tyrosine
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editing domain into EcTyrRS to reduce its reactivity with tyrosine.> We next created 30

EcTyrRS variants with mutations at residues 37 and 195 within the amino acid-binding
pocket. Screening of these mutants for amber suppression of pcDNA3-EGFP(Tyr39TAG)
identified an aaRS variant (a.k.a. EcaYRS) with Y37L and Q195S mutations (Figure 3b).
In the presence of aY, EcaYRS, and the corresponding tRNA, full-length EGFP was

generated, as confirmed by both fluorescence microscopy and ESI-MS (Figure 3c, d).
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Figure 2. Genetic encoding of 3-aminotyrosine (aY) in E. coli. (a) Modeled
structure of a Methanococcus jannaschii tyrosyl-tRNA synthetase mutant
(MjTyrRS-H70S/D158T/1159S/D286Y; a.k.a. MjaYRS) in complex with aY. The
template used for modeling is an MjTyrRS mutant in complex with 3-iodotyrosine
(Protein Data Bank 2ZP1).! This model was created with AutoDock Vina by
following our previously reported procedure.” (b) pBAD-sfGFP(Tyr66TAG)
expression with pEvol-MjaYRS, as indicated by relative red fluorescence of cell
lysates in the presence or absence of aY. (¢) SDS-PAGE analysis of Ni-NTA-
purified proteins from E. coli in the presence or absence of aY. (d) ESI mass
spectrometry analysis of intact protein purified from E. coli in the presence of aY
and its respective amino acid sequence. The observed mass matches the calculated
mass (considering N-terminal Met cleavage, stGFP chromophore maturation, and
additional transformation to a mCherry-like chromophore). The data collectively
support that aY can be site-specifically introduced into proteins in E. coli by using
our engineered aminoacyl-tRNA synthetase, MjaYRS.
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Figure 3. Genetic encoding of 3-aminotyrosine (aY) in mammalian cells. (a)
Structure of an E. coli tyrosyl-tRNA synthetase mutant (EcTyrRS-Y37V/Q195C)
in complex with 3-iodotyrosine (Protein Data Bank 1WQ3). (b) Screening of
EcTyrRS mutants with mutations at residues 37 and 195 for the suppression of the
amber TAG stop codon in pcDNA3-EGFP(Tyr39TAG) in HEK 293T cells. A
D265R was introduced into EcTyrRS because it increases the binding of the
aminoacyl-tRNA synthetase to the anticodon.? An additional tyrosine editing
domain was inserted as previously described,’ resulting in EcTyrRS* for reduced
activity toward tyrosine. A mutant (EcTyrRS*-Y37L/Q195S/D265R) in the
pMAH plasmid was selected and named pMAH-EcaYRS because of its high
efficiency and fidelity for mammalian encoding of aY. (¢) Microscopic imaging
of HEK 293T cells transfected with pcDNA3-EGFP(Tyr39TAG) and pMAH-
EcaYRS in the presence (top row) or absence (bottom row) of aY (scale bar: 40
um). (d) ESI mass spectrometry analysis of intact EGFP purified from HEK 293T
cells in the presence of aY and its respective amino acid sequence. The difference
between the observed and calculated masses is within the expected error range of
the instrument. The data collectively support that aY can be site-specifically
introduced into proteins in mammalian cells by using our engineered aminoacyl-
tRNA synthetase.
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The color of aY-sfGFP (sfGFP?® with aY introduced to its chromophore-forming

residue 66) from E. coli was red under both room light and green excitation, and it showed
nearly no residual green fluorescence (Figure 1b). To test whether this phenomenon is
species-specific, we expressed aY-sfGFP in human embryonic kidneys (HEK) 293T cells
and then observed spontaneous, red fluorescence (Figure 1¢). The excitation and emission
maxima of aY-sfGFP were red-shifted from those of stGFP by 56 and 95 nm, respectively,
suggesting that it may be possible to pair aY-sfGFP with GFPs or GFP-based biosensors
for sequential, dual-color imaging using common fluorescence microscope setups (Figure
1d).

The chromophore of GFP is spontaneously formed through cyclization,
dehydration, and oxidation of an internal tripeptide motif, while the chromophores of
common RFPs differ from GFP in that additional, self-catalyzed oxidation occurs to
expand chromophore conjugation via a hydrolyzable N-acylimine substitution.> Because
aY is sensitive to oxidation, we hypothesize that aY-sfGFP spontaneously forms an RFP-
like chromophore through additional oxidation (Figure 4a). Although the detailed
mechanism remains to be explored, the formation of a hydrolyzable chromophore is
supported by backbone cleavage of aY-sfGFP under denaturing conditions (Figure 4b).
Furthermore, the absorbance of aY-sfGFP decreases at ~ 540 nm with concurrent increase
at ~ 390 nm as pH drops from neutral to acidic, (Figure 4c), suggesting the existence of an
anionic chromophore in aY-sfGFP at neutral conditions.

Next, we introduced aY to the chromophores of several FPs containing Tyr-derived
chromophores, including teal fluorescent mTFP1,2° yellow fluorescent Citrine,>* a

circularly permuted sfGFP (cpsGFP),*! and a circularly permuted yellow FP (cpYFP).2
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Figure 4. Proposed chromophore transformations in GFP upon aY-modification
of the chromophore. (a) Proposed scheme for the conversion of the precursor
polypeptide to the mature, red fluorescent chromophore. The formation of an
mCherry-like chromophore is supported by polypeptide cleavage patterns in
panel b. The negative charge of the chromophore is supported by pH titration in
panel c. (b) Monitoring of polypeptide cleavage by SDS-PAGE. aY-sfGFP,
mCherry, and sfGFP either unboiled (-) or boiled for 10 min (+) in 1x SDS gel-
loading buffer were loaded to polyacrylamide gel. The boiled aY-sfGFP shows a
polypeptide cleavage pattern similar to that of mCherry, suggesting the formation
of a hydrolyzable C=N bond in aY-sfGFP. An additional band above 30 kDa was
observed for both unboiled aY-sfGFP and sfGFP, likely due to additional folding
states of these proteins. (c) Absorbance of aY-sfGFP in response to pH changes.
At low pH, the chromophore of aY-sfGFP is further protonated, as indicated by
absorbance increase at ~ 400 nm.

Red-shifted excitation and emission were observed for all of them (Figure. 5 & Table 1),
indicating that the aY-induced green-to-red conversion is neither protein-specific nor

topology-specific.



133
After confirming that aY can red-shift various Tyr-derived chromophores, we used

aY to modify a number of biosensors based on circularly permuted green, teal, or yellow

FPs, including G-GECO1 (a Ca®" sensor),*? ZnGreenl (a Zn** sensor),'® iGluSnFR (a
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Figure 5. Fluorescence excitation and emission of various aY-modified
fluorescence proteins. Fluorescence excitation (black) and emission (red)
profiles of aY-modified cpsGFP (a), mTFP1 (b), cpYFP (c), and Citrine (d).

glutamate sensor),’* iGABASnFR (a GABA sensor),** dLightl.2 (a dopamine sensor),
SoNar (a NAD*/NADH sensor),’ iNAP1 (a NADPH sensor),>’ PercevalHR (an ATP
sensor),®® and iATPSnFR1.1 (another ATP sensor).’®> We observed red-shifted

fluorescence for all test biosensors (Table 2). Moreover, the converted biosensors largely
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retained the dynamic range and responsiveness of their green fluorescent predecessors, as

shown in our validation experiments with purified proteins, cultured mammalian cell lines,

and/or primary neurons (Figures. 6-13).

Table 1. Excitation and emission maxima of selected fluorescent proteins.

Chromophore- Normal proteins Proteins with aY-derived
forming residues chromophores
Excitation (nm) Emission (nm) | Excitation (nm) Emission (nm)

sfGFP TYG 485 510 541 605
cpsGFP? TYG 488 510 527 615
mTFP1 AYG 462 492 514 581
cpYFP?' GYG 503 515 569 609
Citrine GYG 516 529 565 624

2 Circularly permuted sfGFP variant previously used to derive the hydrogen sulfide
sensor, hsGFP 3!

b Circularly permuted EYFP variant previously used to derive the hydrogen sulfide
sensor, cpGFP-pAzF.?

Table 2. Properties of genetically encoded biosensors and their aY-modified variants.

Biosensor Analytical Excitation Emission | Dynamic References
target (nm) (nm) Range (AF/Fin)*
G-GECO1 Ca2* 497 512 1,983% Zhao et al.*?
aY-G-GECO1 Ca?* 528 594 1,566% This work
ZnGreenl 7n** 474 500 2,531% Chen et al.'8
aY-ZnGreenl Zn* 520 585 915% This work
iGluSnFR glutamate 488 510 257% Marvin et al.33
aY-iGluSnFR glutamate 528 600 270% This work
iGABASnFR GABA 502 513 143% Marvin et al >
aY-GABASnFR GABA 541 602 92% This work
dLight1.2 dopamine 496 513 194% Patriarchi et al.>
aY-dLightl.2 dopamine 545 603 117% This work
SoNar NAD'/NADH 497 512 257% Zhao et al >
aY-SoNar NAD/NADH 544 604 426% This work
iNapl NADPH 497 513 82% Tao et al.>’
aY-iNapl NADPH 545 604 614% This work
PercevalHR ATP 498 513 185% Tantama et al.38
aY-PercevalHR ATP 545 604 120% This work
iATPSnFRI.1 ATP 493 513 106% Lobas et al. >
aY-iATPSnFRI.1 ATP 541 608 75% This work
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Figure 6. Characterization of aY-modified G-GECO1 (Ca*' sensor). (a)
Fluorescence excitation (dash line) and emission (solid line) profiles for G-
GECOL1 after addition of 1 mM EGTA (cyan) or 100 uM Ca?* (dark cyan), and
aY-G-GECOIL after addition of 1 mM EGTA (magenta) or 100 uM Ca?" (red). (b)
Representative images of HeLa cells expressing aY-G-GECOI in response to
sequential addition of 5 uM histamine, ] mM CaCl; with 10 uM ionomycin, and
2 mM EGTA with 5 uM ionomycin. Scale bar: 30 pm. (c¢) Quantitative traces for
randomly selected five cells in panel b. Intensities are normalized to the values at
t = 0 s. The time points for addition of chemicals are shown as arrows. Ca?*
oscillations in response to histamine were observed as expected. These
experiments were repeated three times with similar results using independent
biological samples.
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Figure 7. Characterization of aY-modified ZnGreenl (Zn?" sensor). (a)
Fluorescence excitation (dash line) and emission (solid line) profiles for
ZnGreenl after addition of 1 mM EDTA (cyan) or 100 uM Zn?* (dark cyan), and
aY- ZnGreenl after addition of 1 mM EDTA (magenta) or 100 uM Zn** (red).
(b) Representative images of HEK 293T cells expressing aY-ZnGreenl in
response to sequential addition of 50 uM ZnCl> with 5 uM pyrithione, and 200
uM TPEN. Scale bar: 20 pm. (c) Quantitative traces for randomly selected six
single cells (gray dots) and their average (red line). Intensities are normalized to
the values at t = 0 s. The time points for addition of chemicals are shown as
arrows. These experiments were repeated three times with similar results using
independent biological samples.
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Figure 8. Characterization of aY-modified iGluSnFR (glutamate sensor). (a)
Fluorescence excitation (dash line) and emission (solid line) profiles for iGluSnFR
before (cyan) and after (dark cyan) addition of 100 uM L-glutamate, and aY-
iGluSnFR before (magenta) and after (red) addition of 100 uM L-glutamate. (b)
Representative images of HEK 293T cells expressing cell-surface-localized aY-
iGluSnFR in response to addition of 100 uM L-glutamate. (¢) Cultured mouse
hippocampal neurons in response to 90 mM KCl (excitatory Tyrode's saline
buffer).® Neurons were co-transfected to express cell-surface-localized aY-
iGluSnFR (red fluorescence) and a Ca?" indicator, G-GECOl (green
fluorescence). Quantitative traces for four different regions are presented.
Intensities are normalized to the values at 7 = 0 s. These experiments were repeated
three times with similar results using independent biological samples. Scale bar:
20 pm.
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Figure 9. Characterization of aY-modified iGABASnFR (a,b) and dLightl.2
(c,d) as biosensors for GABA and dopamine, respectively. (a,c) Fluorescence
excitation (dash line) and emission (solid line) profiles for iGABASnFR or
dLight1.2 before (cyan) and after (dark cyan) addition of 1 mM GABA or 100
uM dopamine, and aY-iGABASnFR or aY-dLight1.2 before (magenta) and after
(red) addition of 1 mM GABA or 100 uM dopamine. (b,d) Representative
images of HEK 293T cells expressing surface-localized aY-iGABASnFR (b) or
aY-dLightl.2 (d) in response to GABA or dopamine. These experiments were
repeated three times with similar results using independent biological samples.
Scale bar: 20 pm.
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Figure 10. Characterization of aY-modified SoNar (NAD*/NADH sensor). (a)
Fluorescence excitation (dash line) and emission (solid line) profiles for SoNar
after addition of 20 uM NAD™ (cyan) or NADH (dark cyan), and aY-SoNar after
addition of 20 uM NAD™ (magenta) or NADH (red). (b) Representative images
of HEK 293T cells expressing aY-SoNar in response to addition of 1 mM
pyruvate. Scale bar: 20 um. (c) Quantitative traces for randomly selected four
single cells in panel b. Intensities are normalized to the values at t = 0 s. The time
points for addition of chemicals are shown as arrows. These experiments were
repeated three times with similar results using independent biological samples.
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Figure 11. Characterization of aY-modified iNapl (NADPH sensor). (a)
Fluorescence excitation (dash line) and emission (solid line) profiles for iNap1
before (cyan) and after (dark cyan) addition of 100 pM NADPH, and aY-iNapl
before (magenta) and after (red) addition of 100 uM NADPH. (b)
Representative images of HEK 293T cells expressing aY- iNap1 in response to
addition of 1 mM diamide. Scale bar: 20 um. (c) Quantitative traces for
randomly selected five single cells (gray dots) and their average (red line).
Intensities are normalized to the values at t = 0 s. The time points for addition of
chemicals are shown as arrows. These experiments were repeated three times
with similar results using independent biological samples.
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Figure 12. Characterization of aY-modified PercevalHR (ATP sensor). (a)
Fluorescence excitation (dash line) and emission (solid line) profiles for
PercevalHR before (cyan) and after (dark cyan) addition of 1 mM ATP, and
aY-PercevalHR before (magenta) and after (red) addition of 1 mM ATP. (b)
Representative images of HeLa cells expressing aY- PercevalHR in response
to 10 mM 2-deoxy-D-glucose (2-DG). Scale bar: 20 um. (c) Quantitative
traces for randomly selected five single cells (gray dots) and their average (red
line). Intensities are normalized to the values at t = 0 s. The time points for
addition of chemicals are shown as arrows. These experiments were repeated
three times with similar results using independent biological samples.
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Figure 13. Characterization of aY-modified iATPSnFR1.1 (ATP sensor). (a)
Fluorescence excitation (dash line) and emission (solid line) profiles for
iATPSnFR1.1 before (cyan) and after (dark cyan) addition of 1 mM ATP, and
aY-iATPSnFR1.1 before (magenta) and after (red) addition of 1 mM ATP. (b)
Representative images of HeLa cells intracellular expressing aY-iATPSnFR1.1
in response to 10 mM 2-deoxy-D-glucose (2-DG). Scale bar: 20 pm. (c)
Quantitative traces for randomly selected eight single cells (gray dots) and their
average (red line). Intensities are normalized to the values at t = 0 s. The time
points for addition of chemicals are shown as arrows. These experiments were
repeated three times with similar results using independent biological samples.
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To demonstrate the use of aY-modified biosensors for multiplexed imaging, we

monitored glucose-induced metabolic dynamics in mouse MIN6 pancreatic 3 cells.
Pancreatic B3 cells are responsible for glucose sensing and secretion of insulin, a key

hormone regulating sugar metabolism. Upon entering B cells, glucose breaks down to

glucose —
—_—

» ATP:ADP ratio increase
closes K,p channel,
v A causing depolarization
<
NADPH < ROS A |
Ca?* activates insulin expression Caz*

via CREB (calcium responsive
element binding protein) AJ Voltage
gated
\ Ca2+

Insulin channel

Exocytosis

Figure 14. Simplified metabolic model of glucose-stimulated insulin release from
pancreatic B-cells. NADH, ATP, NADPH, K*, and Ca®* are known coupling factors
for glucose-stimulated insulin secretion.” In this simplified model, glucose is
transported into B-cells through facilitated diffusion, is phosphorylated, and
converted to substances such as pyruvate, NADH, NADPH, and ATP. ATP closes
ATP-sensitive potassium (Karp) channels, initiating plasma membrane
depolarization and increasing intracellular Ca®" via voltage-dependent calcium
channels (VDCCs). This glucose-induced cytosolic Ca** increase triggers the
fusion of insulin granules with cell membrane and exocytosis of insulin, C-peptide,
and a few other substances.

generate an array of metabolic signals that regulate insulin synthesis and secretion (Figure
14). Although previous studies have demonstrated important roles of NADH, NADPH, and
ATP in glucose sensing in f cells, the spatiotemporal dynamics of these metabolic signals
has not been adequately studied.*® We first co-expressed B-GECO (a blue fluorescent Ca**

biosensor),*? iATPSnFRI1.1 (a green fluorescent ATP biosensor),>® and aY-SoNar (a red
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fluorescent NAD*/NADH biosensor) in MIN6 (Figure 15a). In response to high glucose

(20 mM), we observed an immediate rise of B-GECO or iATPSnFR1.1 fluorescence,
reflecting an acute increase of intracellular Ca** and ATP (Figure 15b). The fluorescence
of B-GECO or iATPSnFR1.1 was sustained at high levels with some expected oscillations
for an extended period. Surprisingly, the fluorescence of aY-SoNar displayed a small,
immediate increase followed by a drop, suggesting an initial small increase and then a
decrease of cellular NAD+/NADH. Despite the heterogeneity of individual MIN6 cells,
this trend for aY-SoNar was well reproduced when we examined more cells (Figure 15c).
Similarly, we observed a phenomenal rise followed by a reduction of the fluorescence of
aY-iNapl (a red fluorescent NADPH biosensor) post glucose stimulation (Figure 15d).
Since the concentration of NADPH is inversely correlated with the fluorescence of aY-
iNap! (Figure 11), we interpret that high glucose transiently decreased cellular NADPH
and then maintained high NADPH levels in MIN6 cells. Because NAD'/NADH and
NADPH are compartmentalized and mitochondria play a central role in metabolism, we
next fused aY-SoNar or aY-iNapl to a mitochondrial localization sequence to for
mitochondrial expression in MIN6. In response to high glucose, mitochondrial
NAD'/NADH displayed an immediate decrease, whereas mitochondrial NADPH still
decreased transiently before the rise (Figures 15e, f). We further co-expressed SoNar and
mitochondrial aY-SoNar to follow compartmentalized changes in the same MIN6 cells
(Figures 15g, h). Upon glucose stimulation, there were obvious and consistent delays in
cytosolic NAD*/NADH decrease compared to mitochondrial NAD*/NADH and the
average delay time was determined to be 3.3 min by analyzing 17 individual cells (Figures

15h, i). Normally, a net gain on NADH is expected to occur upstream to the gain on ATP
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in glucose metabolism.*’ Thus, our observed delay of NAD*/NADH reduction, particularly

in the cytosol, in relation to ATP increase corroborates recent hypotheses and findings that
alternative mechanisms may play roles in glucose sensing in B-cells.*> #! Furthermore,
glucose-induced NADPH in B-cells was suggested to protect B-cells from oxidative
stress,* but our study uncovered an unexpected, transient phase lasting a few minutes post
glucose stimulation, during which NADPH decreases in both cytosol and mitochondria of
MING cells. On the basis of these results, we postulate that lactate dehydrogenase (LDH)
based ATP production from NADH, metabolite shuttles between the cytosol and
mitochondria, and/or transient oxidative signaling may contribute to acute responses of -
cells to glucose.*#2 Research is ongoing in our laboratory to further investigate these

mechanism in -cells and primary islets.
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Figure 15. Fluorescence imaging of glucose-induced metabolic dynamics in
pancreatic MING6 B-cells. (a) Representative tri-color images of MING6 co-
expressing B-GECO, iATPSnFR1.1, aY-SoNar. (b) Representative traces (F/Fo)
for B-GECO, iATPSnFR1.1, and aY-SoNar. These experiments were repeated
three times with similar results. (c) Quantitative traces (F/Fo) for co-expressed
iATPSnFR1.1 and aY-SoNar (n=8). (d) Quantitative traces (F/Fo) for co-
expressed iATPSnFR1.1 and aY-iNapl (n=7). (e) Quantitative traces (F/Fo) for
co-expressed iIATPSnFR1.1 and mitochondrial aY-SoNar (n=8). (f) Quantitative
traces (F/Fo) for co-expressed iATPSnFR1.1 and mitochondrial aY-iNapl
(n=12). (g) Representative dual-color images of MIN6 co-expressing SoNar and
mitochondrial aY-SoNar. (h) Representative traces (F/Fo) for cytosolic SoNar
and mitochondrial aY-SoNar. (i) Comparison of response time (corresponding
to the middle point of the fluorescence decrease phase) in individual MING6 cells
after glucose addition (n=17; Mito-aY-SoNar: 2.88+1.11 min; SoNar: 6.18+0.95
min; paired two-tailed #-test, P<0.001). The time points for addition of 20 mM
D-glucose are shown as arrows in panels b-f and h. Data are presented as mean
and s.d. of indicated replicates.
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4.4. CONCLUSIONS

In summary, we genetically encoded aY in both E. coli and mammalian cells, and
developed a general method based on the introduction of aY to the chromophores of GFP-
like proteins and biosensors for spontaneous and efficient green-to-red conversion. This
approach does not require photoconversion or other special experimental conditions and is
compatible with a variety of FPs and FP-based biosensors in E. coli, mammalian cell lines,
and primary cells. Little optimization is needed as dynamic range and responsiveness are
largely retained in the converted biosensors. Therefore, this method can be used to quickly

expand the repository of RFP-based biosensors.
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Chapter 5

Perspectives

Genetically encoded fluorescent biosensors have become powerful imaging tools
that illuminate the spatiotemporal regulation of signaling networks. Both improvements in
sensitivity and kinetics during the development of fluorescent biosensors have fulfilled our

understanding of the smallest structural and functional unit of living organisms, cells.

In this dissertation, we have proven our genetically encoded biosensors to be
capable of performing fluorescence imaging in complex biological systems, pushed the
genetically encoded Zn?>" sensors toward the far-red spectrum, and developed a general

strategy to red-shift green fluorescent protein based biosensors.

Although countless fluorescent sensors have been utilized to visualize the important
biological signaling networks in mammalian cells, neurons, and live animals,! the
numerical values of the analytes of interest are essential biological parameters but typically
unknown. In almost every genetically encoded indicator, the change in fluorescence
intensity indicates only a relative change in dynamics, not a quantitative value for the
analyte of interest. Even with FRET-based ratiometric sensors, it can be challenging to
determine absolute concentration for an analyte of interest because the two FPs may have
different rates of folding, maturation, and photobleaching. Fortunately, in some sensors,
changes in different states modulate the lifetime of the electronically excited state, which

can be measured as the lifetime of fluorescence. Time can be measured with absolute
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accuracy, so lifetime imaging of absolute concentration and membrane potential may be

possible. Further work should be done to expand genetically encoded sensors that can be

detected under the fluorescence lifetime mode.>3

Another challenge for fluorescence imaging is the elucidation of biological
processes in vivo, especially in deeper tissues. Red-shifted fluorescent sensors are desirable
for in vivo imaging given the reduced phototoxicity, less scattering, decreased absorption,
and increased deeper tissue penetration. To date, the far-red FPs and near-infrared
biliverdin-based FPs all suffer from low quantum yield or folding issues.*® To perform
better in vivo imaging, genetically encoded sensors need to be brighter, faster, redder, more
photostable, and more sensitive. The next generation of far-red or near-infrared fluorescent

proteins must be developed to achieve these goals.

A recently developed strategy to pursue live animal imaging is utilizing
photoacoustic waves. Compared with photons, an acoustic wave has better tissue
penetration with less background noise. It provides high resolution and contrast in real-
time and at extended penetration depths. Dedn-Ben et al. have demonstrated the
fundamental ability to directly track neural dynamics using optoacoustic in zebrafish
transduced with GCaMP5G, a genetically encoded calcium indicator.” Recently, they
further demonstrated large-scale optoacoustic calcium imaging in isolated murine brain
model using GCaMP6f, an improved version of GCaMP5G.!° Because of their low
quantum yield, far-red and near-infrared FPs, such as the IFP family, might be ideal dyes

for photoacoustic imaging. In particular, bacterial phytochrome photoreceptors (BphPs),
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the origin of IFP family, may be adapted to biosensor engineering for photoacoustic

imaging (PAI). The first BphPs derivative demonstrated in PAI was BphP iRFP713!! (also
known as iRFP). iRFP expressed in vivo may efficiently incorporate endogenous biliverdin
(BV) and can be imaged as deep as 4 mm.!? This penetration depth of imaging is far beyond
the capability of prototypical fluorescent proteins based sensors. Despite this much-
improved penetration depth of imaging compared to prototypical fluorescent proteins, the
photostability of BphPs is low.!*: '# To date, directly using fluorescent biosensors for
optoacoustic imaging remains problematic due to lack of optimization, and thus not yet
been used at live animal level. It is desirable to develop a high-throughput screening

method for engineering photoacoustic imaging sensors.

The methods mentioned above, both fluorescence imaging and photoacoustic
imaging, require invasive detection to deliver light into the tissue and achieve high
resolution of imaging. To achieve noninvasive detection, scientists have synthesized
numerous contrast agents for magnetic resonance imaging (MRI).!> MRI is a powerful
technique for brain imaging that could provide a possibility for deep-tissue sensor imaging
in animals and humans. MRI is capable of achieving deep tissue penetration, 3D spatial
resolution, and high sensitivity. MRI has become a well-developed imaging modality for
molecular identity and localization. However, it remains much room for development of
MRI-based in vivo imaging for biologically relevant reactivity and/or dynamic. Progress
has been made to monitor Ca** dynamics based on gadolinium complexes or
superparamagnetic iron oxide nanoparticles.!5!8 Although extracellular Ca?'dynamics

19,20

have been visualized in vivo using these sensors, monitoring intracellular Ca®" has been
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much more challenging, due to the lack of delivering methods for existing polar or bulky

MRI Ca?* sensors into cells. Barandov et al. developed a manganese-based paramagnetic
contrast agent, ManICS1-AM, to permeate cells and allow intracellular Ca?* levels to be
monitored.?! Although the ManICS1-AM contrast agent can emulate properties of
fluorescent sensors for intracellular Ca** imaging, it remains crucial to develop MRI probes
with increased Ca*' affinity and optimized interactions between the chelator and the
paramagnetic complex. Meanwhile, MRI detection for bioactivities and dynamics other
than Ca?" lags far behind, compared to fluorescent sensors. We expect to see more intensive

development in this field in the near future.
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