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ABSTRACT

Reactive oxygen species (ROS) are typical examples of “the dose makes the
poison”. When they are generated under physiological concentrations, they play critical
roles in various biological functions, such as cell differentiation, tissue regeneration and
inflammation response. On the other hand, when ROS were overproduced, they can cause
damage to biomolecules, including DNA, protein and lipids and lead to many diseases’
initiation and progression. Therefore, monitoring the ROS signaling in biological system
are essential for studying redox biology to further tackle the mechanism of different

diseases.

Genetically encoded redox indicators (GERIs) are emerging as powerful tools for
redox signaling detection in living systems. GERIs can measure real-time signals in the
natural cellular context with minimal toxicity. Besides, by attaching specific localization
sequences to the N- or C-terminus, GERIs can be readily localized to different subcellular
compartments with super spatial and temporal resolution. In addition, GERIs present as
plasmids or viral vectors, which can be easily adapted to various biological study systems

and shared across different labs.

Red and far-red fluorescent proteins (FPs) have several advantages. First, compared
to shorter wavelength emitters (blue FP/green FP), they are less cytotoxicity to the cells.
Second, the red and far-red spectrums are within the “optical window” for maximal cell
and tissue penetration, leading to reduced sample scattering and autofluorescence. Third,
they provide additional channels in combination with blue/green FP for multicolor and

multiparameter imaging.



In this thesis, | focus on developing red and far-red GERIs for the detection of
different redox molecules. Based on our previous work—TrxRFP1, | performed directed
evolution and enzymatic screening to develop a second-generation thioredoxin biosensor,
TrxRFP2. 1 also used a similar strategy to fuse Trx2 enzyme with rxRFP1.1 to build a
biosensor, MtrxRFP2, for detecting thioredoxin signaling in the mitochondria
compartment. | tested both TrxRFP2 and MtrxRFP2 in vitro and different subcellular
domains of cultured mammalian cells. This work expanded the collection of GERIs for

thioredoxin signaling detection.

Another strategy was employed to develop a red GERI for peroxynitrite (ONOO-).
Using a genetic code expansion technology, p-boronophenylalanine (pBoF) was
introduced to a site close to the chromophore of a circularly permuted red FP scaffold
(cpRFP). I performed thorough in vitro characterizations of this indicator. | also assessed
its performance in mammalian cells in response to chemically and physiologically-related
stimulations. X-ray crystallography and NMR methods were applied to investigate the

response mechanism of this indicator.

Hydrogen peroxide (H202) play critical roles in many cellular processes and
imaging the H2O> signaling is always important for understanding the redox metabolism
in biological system. | created a red GERI for H20> detection based on the brightest RFP
mScarlet-1. | first generated a circularly permutated FP—cpmScarlet. Next, | fused two
H>0> sensory domains OxyR at the N- and C- terminus of cpmScarlet to build up the H20-
indicator. | utilized protein engineering and directed evolution to improve the indicator
brightness and responsiveness. | finally identified a candidate showing a good response to

H2>0, with minimal photoactivation. This candidate was termed SHRIMP (a circularly

v



permutated mScarlet-based genetically encoded hydrogen peroxide red fluorescent
indicator with high brightness and minimal photoactivation). | tested SHRIMP
performance in HEK 293T cells and macrophages in response to chemically and
physiologically-related stimulation. SHRIMP was also applied to isolated mouse islets to
detect H.O> generation with chemical stimulation. Last, SHRIMP was combined with a

green calcium indicator for multiparameter imaging in mammalian cells.

| also further expanded the GERIs spectrum to the far-red region by creating a
redox-active far-red fluorescent protein -- rxcpomMaroonl. | first fused the zinc hook
domain which contains active cysteines with a circularly permutated far-red fluorescent
protein (cpmMaroon185). Next, | performed further site-specific and random mutagenesis
to improve the protein expression and redox responsiveness of the variant. Last, |
characterized rxcpmMaroonl in vitro as well as in cultured mammalian cells to test its

performance in response to redox stimulation.
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Chapter 1 Genetically Encoded Fluorescent Redox Indicators for Unveiling Redox

Signaling and Oxidative Toxicity

This chapter is converted from a published paper: Pang, Yu, Hao Zhang, and Hui-wang Ai.
"Genetically encoded fluorescent redox indicators for unveiling redox signaling and oxidative
toxicity." Chemical Research in Toxicology 34, no. 8 (2021): 1826-1845. Pang, Yu and Hao Zhang

contributed equally to this work.

1.1 Abstract

Redox-active molecules play essential roles in cell homeostasis, signaling, and other
biological processes. Dysregulation of redox signaling can lead to toxic effects and subsequently
cause diseases. Therefore, real-time tracking of specific redox-signaling molecules in live cells
would be critical for deciphering their functional roles in pathophysiology. Fluorescent protein
(FP)-based genetically encoded redox indicators (GERIs) have emerged as valuable tools for
monitoring the redox states of various redox-active molecules from subcellular compartments to
live organisms. In the first section of this review, we overview the background, focusing on the
sensing mechanisms of various GERIs. Next, we review a list of selected GERIs according to their
analytical targets and discuss their key biophysical and biochemical properties. In the third section,
we provide several examples, which applied GERIs to understanding redox signaling and oxidative

toxicology in pathophysiological processes. Lastly, a summary and outlook section are included.



1.2 Introduction of GERIs

Redox-active proteins (e.g., thioredoxin (Trx) and glutaredoxin (Grx)) and small molecules
(e.g., various reactive oxygen species (ROS) and reactive nitrogen species (RNS)) are essential for
maintaining cellular and physiological homeostasis.'® They are involved in cell signaling and
numerous physiological processes, such as cell cycle and differentiation, embryogenesis,
inflammation, and tissue regeneration.!® For example, cell growth factors, such as epidermal
growth factor (EGF) and platelet-derived growth factor (PDGF), can increase the production of
hydrogen peroxide (H20>), a type of ROS, to promote signal transduction of the receptor tyrosine
kinases (RTKs).® Another well-known example is that phagocytes can generate ROS/RNS bursts
to clear pathogens.” 8 Redox-active molecules are also crucial for many pathological processes.
Dysregulation of the cellular redox states can lead to oxidative stress, which is considered a central
mechanism of toxicity in various tissues and organs.® Oxidative stress can cause damage to
different biomolecules such as DNA, proteins, and lipids, leading to the initiation and progression
of diverse diseases, including cancer, neurodegeneration, respiratory stress, and Kkidney
disorders.1%1" There is significantly increasing interest and demand in detecting and monitoring

redox-active molecules in live cells and organisms.

An extensive array of methods and assays have been developed to detect redox-active
molecules and processes. These methods include electron paramagnetic resonance (EPR)
spectroscopy,'® chemiluminescence assays,*® and fluorescence assays based on either small
molecule-based synthetic dyes?>?* or genetically encoded redox indicators(GERIs).?>?° GERI-
based fluorescence methods have gradually gained popularity for several reasons: First, these
indicators can be expressed by cell machinery, providing chances to measure redox signals in the

natural cellular contexts while introducing minimal toxicity. Second, using tissue-specific

2



promoters or subcellular localization sequences, GERIs can be readily localized to specific tissues
and subcellular compartments, giving superior spatial and temporal resolution over small molecule
synthetic dyes. Also, GERIs can be disseminated as plasmids or viral vectors, enabling convenient
and broad adaptation by other interested researchers. Moreover, GERIs with compatible colors for
different redox parameters have enabled the simultaneous monitoring of multiple redox signals to

unveil the interplays between several redox-active molecules or processes.

A classical fluorescent protein (FP) consists of an endogenous chromophore surrounded
by a stable 11-stranded B-barrel structure, which shields the chromophore from the external
environment.® The earliest strategy to make GERIs was introducing cysteine pairs into the
scaffolds of single FPs (Figure 1.1A). The introduced cysteine residues at appropriate locations
can reversibly form intramolecular disulfide bonds upon sensing a change in the redox
environment.3" 32 The formation of the disulfide bonds leads to a conformational change in the
scaffolds of FPs, which consequently modulates the chromophore's photophysical properties.
Researchers can thus record these changes by examining fluorescence excitation or emission (i.e.,
intensity, peak shape or wavelength, or lifetime). To date, a color palette of GERIs has been
developed by using this strategy.'"** However, these indicators often have limited specificity and
respond to the general redox environment changes. To overcome this limitation, alternative GERIs
have been created by fusing a redox-sensitive FP with a selected redox-active enzyme (e.g., Grx,
Trx, and oxidant receptor 1 (Orp1)) to form a redox relay (Figure 1.1B).2>%7 The rationale behind
this is that the fused enzyme can improve sensor specificity by reacting with specific redox-active
molecules because the redox status of the enzyme is kinetically coupled with the redox status of

the nearby, redox-sensitive FP in the same fusion construct.



In addition to the GERIs mentioned above, other GERIs were developed using a different
approach, which fuses redox sensory domains with circularly permutated FPs (cpFPs).*8 cpFPs are
engineered FP variants with a different topology from the wide-type FPs.® To create a cpFP, the
original N- and C- termini of a wild-type FP are connected using a flexible linker, while the new
N- and C- termini are created near the chromophore.*® The sensory domains are fused to the cpFP
via these new termini, so the spectral properties are more readily modulated by structural
rearrangements originated from the interaction or reaction of the redox sensory domains with
analytes (Figure 1.1C). For example, a family of GERIs for sensing H202, namely HyPers, 343
was developed by fusing OxyR, an H>O»-activated transcription factor, to circularly permuted
yellow FP (cpYFP) or red FP (cpRFP). Oxidation of these OxyR-based GERIs increases their

fluorescence.

In some other examples, the sensory domains do not react with redox molecules but rather
bind analytes (Figure 1.1D). Moreover, the sensory domain may bind multiple analytes with
distinct affinities. With this unique feature, researchers can apply this type of GERIs to measuring
the ratio of analytes rather than the absolute concentration changes of a specific analyte. A classic
GERI of this type is SoNar for monitoring the nicotinamide adenine dinucleotide (NAD*/NADH)

redox couple.**

Alternatively, GERIs have been developed by incorporating noncanonical amino acids
(ncAAs) into FPs using an expanded genetic code (Figure 1.1E). Using molecular biology,
researchers can integrate codons for ncAAs into the DNA-coding sequence of an FP.* Co-
expression of the modified FP gene with an engineered tRNA/synthetase pair in live cells, cultured

in the presence of the corresponding ncAA, enables the site-specific incorporation of the ncAA



into the FP.* By selecting suitable ncAAs with unique functional groups, the ncAAs may bind to

or react with analytes of interest, further modulating the fluorescence of FPs.*548

In addition to those above single FP-based GERIs, GERIs involving multiple FPs and often
based on Forster resonance energy transfer (FRET) have also been developed. FRET describes an
energy transfer process from a donor chromophore to an acceptor chromophore with suitable
distance, spectral overlap, and dipole coupling.*® %® When FRET occurs, the donor's fluorescence
emission decreases, whereas the emission from the acceptor increases. The acceptor-to-donor
emission ratio changes based on FRET efficiency, which is sensitive to the distance and relative
dipole orientation of the donor and acceptor chromophores.*® In FRET-based GERIs, a redox
sensory element is often sandwiched between a donor FP and an acceptor FP. In response to an
analyte, the sensory element undergoes a conformational change. Consequently, the distance and
geometry between the donor and the acceptor are altered, and the FRET efficiency between the
two FPs changes.>! (Figure 1.1F). One commonly used sensory element is an artificial redox linker
(RL) containing adjacent or dispersed cysteine residues between an FP-based FRET pair. The
redox of the cysteine pair can alter the distance between FPs and change the FRET efficiencies
between them.>? In another example, two repeats of the C-terminal cysteine-rich domain of yeast
Yap1 transcriptional factor®® were sandwiched between a cyan FPs (CFPs), Cerulean,® and a YFP,
Citrine,> resulting in a Redoxfluor indicator.%® Oxidation of the cysteine-rich domain decreases
the FRET efficiency from Cerulean to Citrine, giving a redox-dependent emission-ratiometric
readout. FRET-based GERIs provide ratiometric readouts, which are advantageous because such
readouts are less likely affected by variations such as instrumental setups and sensor expression
levels. However, FRET-based GERIs usually have larger molecular weights and lower dynamic

range (a.k.a. the fold of signal change) than single FP-based indicators. Additionally, the FPs in



the same FRET indicator may possess different pH sensitivity, brightness, photostability, and

maturation rate, thereby affecting responses and complicating result interpretation.
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Figure 1.1 lllustration of the sensing mechanisms of common GERIs.

(A) A cysteine pair is introduced into FP and the reversible disulfide bond modulates the FP
fluorescence. (B) A redox-active enzyme is genetically fused to a redox-active FP and the redox
status of the enzyme is kinetically coupled with the redox of the redox-active FP. (C) A cpFP is
fused with a redox sensory domain in an optimized configuration with which the redox reaction in
the sensory domain is capable of modulating the fluorescence of cpFP. (D) A cpFP is fused with
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sensory elements capable of ligand binding. (E) GERIs containing special noncanonical amino
acids (ncAAs) react with specific ROS or RNS, causing FP fluorescence changes. (F) A redox-
sensory element is sandwiched between a FP-based FRET pair and the redox status of the sensory
element modulates FRET efficiency.



1.3 GERIs by Analyte Types

In this section, we discuss a list of selected GERIs according to analytical targets. The
discussions focus on their key biophysical and biochemical properties. All of these GERIs have
been applied to live-cell imaging, and some have been used in multicellular organisms and animals.
Examples of these applications are further discussed in the next section, “Selected applications of

GERIs”™.

1.3.1 GERIs for General Thiol Redox

GERIs in this category were generated by directly introducing cysteine residues into FP
scaffolds (Table 1.1). These cysteines can form disulfide bonds upon oxidation, while the oxidized
disulfide bonds can be reversibly reduced (Figure 1.1A). Moreover, the selected residue positions
are typically close to the chromophore, so the redox reaction alters the fluorescence of FPs. In
principle, the introduced cysteines in redox-sensitive FPs can equilibrate with an extensive array
of intracellular thiols and disulfides. Because the reduced (GSH) and oxidized (GSSG) glutathione
are highly abundant in most live cells and organisms, these redox-sensitive FPs are often
considered indicators for the redox of GSH/GSSG. Furthermore, Grx in live cells may catalyze the

redox equilibration between redox-sensitive FPs and the glutathione pool.



Table 1.1

Representative redox-sensitive FPs.

disulfid Midpoint Recommended
Isulfice otential H control
GERIs Bond Aex, (NM) Aem, (Nm) pE°' (mV) P
rxXYFP>’ C149-C202 512 523 —261 YFP
C147-C204  400/475 510 —272~-299 pH resistant in the
roGFPs3! or/and or excitation-
C149-C202  400/490 ratiometric mode
roGFP1-  C147-C204 395 and 465 505 —229~-246 pH resistant in the
i X%, excitation-
ERroGFP- ratiometric mode
S4%°
N- and C- 576 600 —244~-324 pHRFP
rXRFPs33 3 terminal
cysteines
rxmRuby2% C148-C200 560 600 —265 mRuby2
Oba-Q C147-C204 370/380/430 425/440/4 —232~-249 pH resistant at
series®! 80 physiological pH
Re-Q C147-C204 430/515 480/525  —251~-286 pH resistant at
series®? physiological pH
rounaG®% C56-C64 498 527 —275 pH resistant
FROG/B®  C149-C202  400(Abs) 460/510 -293 NA
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1.3.1.1 rxYFP

The first developed single FP-based GERI is redox-sensitive yellow FP (rxYFP).>” Two
cysteine mutations (N149C and S202C) were introduced into YFP. In response to oxidation, the
formation of an intramolecular disulfide bond between the two surface residues on the adjacent 3-
strands of the FP leads to a 2.2-fold fluorescence decrease with peak emission at 523 nm. The
redox midpoint potential of rxYFP is —261mV, implying its broad suitability for use in common
intracellular compartments.®” Because rxYFP is sensitive to pH changes and chloride ions,® %

extra caution is required when using this indicator.

1.3.1.2 roGFPs

To generate an intrinsically ratiometric redox-sensitive FP that is insensitive to chloride,
researchers developed a series of redox-sensitive green FPs (roGFPSs) by introducing two cysteine
residues into residues on neighboring B-strands of enhanced green FP (EGFP).3! Both roGFP1 and
roGFP2 have two excitation peaks. The peak at ~ 400 nm corresponds to the chromophore's
protonated form, while the peak at ~ 480 nm represents the chromophore's anionic form. The
oxidation of roGFP1 or roGFP2 favors the protonated neutral chromophore, leading to increased
fluorescence excitation at ~ 400 nm (Fs00) and a concomitantly decreased fluorescence excitation
at ~ 480 nm (Fas0).>* Thus, roGFP1 and roGFP2 can provide an excitation-ratiometric readout
(Fa0o/Fag0). In addition, the fluorescence intensity of roGFP1 or roGFP2, when excited at
wavelengths close to either of the two peaks, is pH-sensitive, but the ratiometric readout (Faoo/Fago)
is less sensitive to pH changes, resulting in a unique advantage of roGFPs over rxYFP.3! When
using roGFP1 and roGFP2 in actual studies, we must consider several differences between them.

First, the primary excitation peak of roGFP1 is at ~ 400 nm, while the predominant excitation peak
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of roGFP2 is at ~ 490 nm. Moreover, the midpoint redox potential of roGFP1 is —291 mV, different
from roGFP2 (—272 mV). Both roGFP1 and roGFP2 are more reducing and show more significant

fluorescence changes (a.k.a. larger dynamic range) than rxYFP.3% 67

Using a similar strategy, researchers introduced cysteine pairs to alternative residue sites
in EGFP to derive roGFP3 and roGFP4. Meanwhile, a total of four cysteine residues (two pairs)
were introduced into EGFP to create roGFP5 and roGFP6.3! Among these roGFPs, roGFP3 has
the most negative midpoint redox potential (—299 mV), making it suitable for use in highly
reducing subcellular compartments such as the cell nucleus and mitochondria;*! roGFP2 has the
least negative midpoint redox potential (-272 mV), but it is still not adequate for use in oxidizing
subcellular compartments such as the endoplasmic reticulum (ER).3! Thus, in a subsequent study,
single amino acids were inserted into the main chain of roGFP1 at a location adjacent to the active
cysteine 147 to lower the thermodynamic stability of the disulfide bond, resulting in a new family
of roGFP1-derived GERIs (roGFP1-iX) with midpoint potentials of —229 to —246 mV.%® A
particular mutant, roGFP1-iL, with a midpoint redox potential of —229mV, is best suited for
imaging redox dynamics in ER.%® A similar effort was devoted to modifying roGFP2, but the
resultant roGFP2-iL mutant has a much-reduced dynamic range.®® Furthermore, because of the
low fluorescence of ER-targeted roGFP-iL resulting from inefficient folding, mutations from
superfolder GFP (sfGFP)® were introduced into roGFP-iL to derive ER-targeted roGFP-S4
(ERroGFP-S4), which has much-improved brightness and dynamic range for reliable monitoring

of redox change in the ER.%®

Recently, Nocross et al. fused roGFPs with RFPs to create sensors with partial red

fluorescence.™ In this case, sensitized red emission was generated via FRET from roGFPs to RFPs
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while the redox properties of roGFPs were retained.’® These new indicators were used along with

roGFPs to monitor redox dynamics in multiple cellular compartments simultaneously.

1.3.1.3 rxRFPs

Red-shifted GERIs can enhance tissue penetration and provide new capabilities for
multiparameter imaging along with GFP-based indicators. Our research group developed the first
redox-sensitive RFP (rxRFP) from a circularly permutated RFP, mApple™ (cpmApple).®® The
cpmApple fragment, sufficient for autocatalytic chromophore formation, was derived from R-
GECO1, a red fluorescence Ca?* indicator.”> Unlike rxYFP and roGFPs, in which cysteine pairs
were inserted to residues at the surface of the FP B-barrel, rxRFP was developed by adding cysteine
residues to the N- and C- termini of cpmApple, followed by subsequent optimization of other
residues adjacent to the cysteine residues.®® The resultant rxRFP has a single excitation peak at
576 nm, a single emission peak at 600 nm, and a 4-fold fluorescence increase upon oxidation from
the fully reduced state. In the same study, pHRFP, a red fluorescent pH indicator with a similar
pKa to rxRFP, was developed and used as a pH control in live-cell imaging experiments.>® To
further match rxRFP with different midpoint redox potentials of various subcellular compartments,
our group developed several rxRFP variants (rxRFP1.X) by mutating the amino acids in proximity
to the inserted cysteines residues. rxRFP1.1.-1.4 have midpoint redox potentials ranging from
—324 to —244 mV and respond to redox perturbations when localized to suitable subcellular

compartments such as the cell nucleus, mitochondria, and ER in mammalian cells.33 3

13



1.3.1.4 rxmRuby?2

Another reported redox-sensitive RFP, rxmRuby2,%° was generated by introducing surface-
exposed cysteine residues into the B-barrel of mRuby2,”® an RFP in the wild-type topology.
rxmRuby2 showed fluorescence decrease upon oxidation and fluorescence increase upon
reduction and responded to various oxidants and reductants. For example, both GSSG and diamide
can oxidize rxmRuby2 in vitro to a higher degree than H20.. On the other hand, only a strong
reductant, dithiothreitol (DTT), but not bacterial Trx or nicotinamide adenine dinucleotide
phosphate (NADPH), can directly reduce rxmRuby?2. It is worth noting that the fluorescence of
rxmRuby?2 is still sensitive to pH changes, and researchers should include proper controls in their
experiments of interest.®® rxmRuby2 has been fused with mClover,”® a GFP variant. The fusion
construct can give out a ratiometric readout and has shown reversible responses to redox changes

in live cells.%®

1.3.1.5 Oba-Q and Re-Q series

Oxidation balance sensed guenching proteins (Oba-Q)® are GERIs with fluorescence
significantly quenched upon oxidation. Cysteine residues were first introduced into residues 147

and 204 of several CFPs and a blue FP (BFP).®* An extraamino acid was then inserted after Cys147,

followed by additional mutations around Cys147 for better quantum yield and dynamic range.®* In
particular, Oba-Qs was derived by introducing three mutations (1146N/S147CD/Q204C) into a
CFP named Sirius,”* while Oba-Qc was generated by introducing three mutations
(1146G/S147CE/Q204C) into a mutated CFP (CFP’).5! The maximal fluorescence intensity change
of Oba-Qs is 6.3-fold, while that of Oba-Qc is only 2.3-fold. The midpoint redox potential values

of Oba-Qs and Oba-Qc are —232 mV and —249 mV, respectively, making them suitable for use in
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the ER, a relatively oxidizing subcellular compartment.®® Similarly, introducing mutations
(1146G/S147CE/Q204C) into an enhanced BFP, EBFP2,” derived Oba-Qb, an indicator better
suited for reducing subcellular compartments due to its more negative redox potential (—263
mV).8! The same engineering strategy has been applied to additional CFPs and YFPs, such as
mTurquise’® and Venus.”” Some of these proteins show fluorescence decrease upon reduction.
Such response is opposite to that of Oba-Q, and this new group of proteins was thus named
reduction-sensed gquenching proteins (Re-Q).%? The midpoint redox potentials of this new series of

proteins span a broad range from —251 to —286 mV.

1.3.1.6 roUnaG

The above-mentioned redox-sensitive FPs were all derived from Aequorea victoria GFP
(avGFP) or avGFP-like proteins, and the formation of their chromophores requires molecular
oxygen (O2). Consequently, these GERIs are not well compatible with hypoxic or anoxic
conditions. An oxygen-independent GFP, UnaG, was developed in 2013.”® The binding of the
protein to a cofactor, bilirubin (BR), a catabolic product of heme metabolism, triggers the
fluorescence of UnaG." By introducing a cysteine pair (ES6C/D64C) to consecutive B-strands of
UnaG, roUnaG is the first oxygen-independent GERI.®® The mutant with the double mutations
(E56C/D64C) shows slow oxidation kinetics due to backbone constraint, and the introduction of
an additional K54T substitution reduced the size of a sidechain close to Cys56 and improved the
oxidation kinetics.%® roUnaG (UnaG-E56C/D64C/K54T) works well under hypoxia and anoxic
conditions and shows an 8-fold fluorescence increase upon oxidation. In addition, the fluorescence
of roUnaG is resistant to pH changes, overcoming a significant limitation of GERIs derived from

avGFP-like proteins.®® With a single excitation and a single emission peak, roUnaG only provides

15



intensiometric readouts, but it has been fused with an RFP, mCherry, for ratiometric readouts.®®

79

1.3.1.7 FROG/B

The wild-type avGFP® has two major absorption peaks at ~ 400 and 480 nm,
corresponding to its chromophore’s neutral and anionic forms, respectively. The engineering of
avGFP has resulted in variants with only one absorption peak. One such widely known example
is EGFP,% with a single absorption peak at ~ 480 nm, while other FP variants such as Sapphire®
and mKalama’® have a single absorption peak at ~ 400 nm at neutral pH. After absorbing ~ 400
nm light, mKalama emits blue light at ~ 460 nm, while Sapphire emits green light at ~ 510nm via
a process known as excitation state proton transfer (ESPT). Using a cysteine pair to modulate the
efficiency of ESPT, a single-FP-based GERI called FROG/B has recently been developed with
dual emission at ~ 460 and 510 nm upon excitation at ~ 400 nm.® The oxidation of FROG/B
enhances ESPT, resulting in a shift of its emission from blue to green. The overall response at pH
7 is ~ 5-fold in terms of the green-to-blue emission ratio, and the response is fully reversible.®*
FROG/B has a midpoint redox potential of —293 mV at pH 7.0, lower than rxYFP and roGFP.
Thus, FROG/B is well suited for monitoring weak oxidative stress.®* FROG/B is unique due to its
emission ratiometric response. It is of note that the green-to-blue emission ratio of FROG/B in the

oxidized state is still quite sensitive to pH changes.®*

1.3.2 GERIs for GSH/GSSG

Although redox-sensitive FPs in the above category are often considered to sense the redox

of GSH/GSSH in live cells, their direct equilibration with glutathione is slow in the absence of
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Grx. Therefore, these redox-sensitive FPs have been fused with Grx to derive a new family of
GERIs. Placing a redox-sensitive FP close to Grx generates a redox relay that kinetically couples
the redox of the redox-sensitive FP with the redox of the glutathione pool (Figure 1.1B). The relay
between Grx and redox-sensitive FPs increases response kinetics and specificity but does not
change their midpoint redox potentials. This fusion strategy is highly generalizable, and in theory,

can be applied to any redox-sensitive FP. Below we discuss several selected examples.

1.3.2.1 rxXYFP-Grxlp

The first redox-relay fusion probe, rxYFP-Grx1p, was developed by the Winther lab.3* The
coupling of yeast Grx1p with rxYFP significantly increased the oxidation Kinetics of rxYFP by
GSSG. Since the redox reaction of rxYFP-Grx1p is independent of endogenous Grx, redox
measurements can be performed in diverse subcellular compartments and organisms. In addition
to faster kinetics, rxYFP-Grx1p provides nearly absolute glutathione specificity due to its low
reactivity to other oxidants.®* The crystal structure of the fusion protein indicated that the Grx1p
and rxYFP do not have specific contact.®® Thus, it is speculated that the enhanced thiol-disulfide
exchange efficiency between Grx1p and rxYFP might result from a spatial constraint.®® The linker
limits the diffusion that drives Grx1p and rxYFP apart and enhances their collision in solution,

thereby favoring the thiol-disulfide exchange between them.%

1.3.2.2 Grx1-roGFP2

Grx-roGFP2 is probably the most well-characterized indicator for real-time monitoring of
the glutathione redox status.® The thiol-disulfide exchange between Grx and roGFP2 is achieved

through a symmetrical ping-pong process which transfers the disulfide bonds via a monothiol
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mechanism.8® The exchange between glutathione and the indicator happens through three
consecutive steps, which are fully reversible. In the first step, the nucleophilic cysteine of Grx1
specifically reacts with GSSG to form a mixed Grx1-glutathione disulfide intermediate. The
intermediate subsequently reacts with one of the two thiols on roGFP2, generating S-
glutathionylated roGFP2. Last, glutathionylated roGFP2 forms an intramolecular disulfide bond
through rearrangement.?’” There are two reasons why Grx1-roGFP2 has very high specificity for
GSH/GSSG redox pair. First, Grx can specifically respond to glutathione redox, and its specificity
is maintained in the fusion probe. Second, Grx1-roGFP2 is not capable of interacting with the Trx
system because of the steric constraints.?’” The kinetics of electron flux from the reduced probe to
GSSG is enhanced at least 100,000 times compared to roGFP2. With its improved dynamic
equilibration with GSH/GSSG, Grx-roGFP2 is an excellent tool for studying short-lived and weak

oxidative events invisible to non-fused roGFP2.%°

1.3.2.3 Grx1-roCherry

To create a red GERI for glutathione redox, Shokhina et al. developed roCherry, a redox-
sensitive RFP.8” Two cysteine residues were inserted at residues 150 and 203 of mCherry® to
create the prototypic roCherry. A threonine insertion after Cys150 and an additional point mutation
(S151E) were then introduced to increase structural mobility and dynamic range.8” Grx1 was then
fused to the N-terminus of roCherry via a floppy linker from the Peredox indicator.2® The resultant
Grx1-roCherry provides intensiometric readouts with a single excitation peak at ~589 nm and a
single emission peak at ~610 nm. The probe does not directly respond to H20- in vitro but shows
a detectable response to H20: in live cells. It was speculated that H2O2 could shift the GSH/GSSG

ratio in live cells. Grx1-roCherry loses its activity after incubation with 2-acetylamino-3-[4-(2-
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acetylamino-2-carboxy-ethylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic
acid (2-AAPA), a glutathione reductase (GR) inhibitor.8” & Compared to Grx1-roGFP2, Grx1-

roCherry is less specific and displays a response to a high concentration of nitric oxide.®’

1.3.3 GERIs for the redox of Trx

Trx is a class of small, 12-kDa antioxidant proteins broadly found in all three domains of
life.®° Trx facilitates the reduction of its interacting proteins via cysteine thiol-disulfide exchange.®*

There is continuous interest in developing GERIs to monitor the redox status of live-cell Trx.

1.3.3.1 TrxRFP

Early attempts to develop GERIs for the redox of Trx by fusing Trx with roGFPs were
unsuccessful. The most feasible explanation is that Trx, unlike Grx, cannot form redox relays with
roGFPs due to geometric constraints.?” Our research group developed TrxRFP, the first GERI for
sensing Trx redox.®® TrxRFP was engineered by directly fusing human Trx1 (hTrx1) with rxRFP
through a Gly-Ser-rich linker to create a redox relay, which couples the active cysteines of hTrx1
(C32and C35) to the active cysteine pair in rXRFP (Figure 1.1B). Other non-essential Cys residues
in hTrx1 were mutated to Ser to avoid crosstalk with the glutathione system.%? rxRFP is in a
circularly permuted topology with cysteine residues located at the C- and N-termini of the cpFP,
possibly allowing an efficient disulfide exchange with hTrx1. TrxRFP can be reduced explicitly
by Trx reductase (TrxR) in the presence of NADPH, while rxRFP alone shows no response to
TrxR and NADPH. Therefore, it is proposed that the TrxR enzyme system reduces the disulfide in
hTrx1, and the thiols are subsequently transferred to rxRFP1 through the redox relay. The process

is reversible, and the reduced TrxRFP can be oxidized by thioredoxin peroxidase (TPx) in the
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presence of H.O2. TrxRFP does not present a significant response to H>0,, GSSG, Grx1, or Trx-
related proteins (TRPs), confirming its specificity for Trx redox. TrxRFP1 has been combined with
Grx1-roGFP2 to monitor Trx and glutathione redox parallelly. The redox of glutathione and Trx1
can each be disturbed individually without affecting the other in mammalian cells.*® Auranofin, a
TrxR reductase inhibitor,* at low levels in mammalian cells shifts TrxRFP1, but not Grx1-roGFP2,

to a more oxidized state.3®

1.3.3.2 CROST

Change in the redox state of Trx (CROST) is a group of FRET-based GERIs for Trx in
photosynthetic bacteria. CROST1 and CROST2 were made by sandwiching fragments derived
from Trx-targeted proteins (CP12-2 or CP12) conserved among photosynthetic organisms,
between a CFP (mTurquoise All) and a cpYFP (cpVenus).”® 7" 9 Elevated Trx oxidation
promotes the disulfide bond formation in CP12-2 or CP12, decreasing the FRET donor and
acceptor's distance and enhancing FRET efficiency (Figure 1.1F).** While CROST1 has a
midpoint redox potential of =266 mV at pH 7.5, CROST2 has a more negative midpoint redox
potential (—296 mV).%** CROST1 and CROST?2 display differential responses to different Trx
isoforms from plants or cyanobacteria, potentially due to the difference in the midpoint redox
potentials. Both indicators have been used for monitoring the redox change of Trx in

chloroplasts.®*

1.3.4 GERIs for H20:

H.0- is an important reactive oxygen species and an essential signaling molecule.® Several

GERIs for H20O> are now available. Below we discuss a few selected examples (Table 1.2).
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Table 1.2

Representative GERIs for H20.

Sensory

xex,

GERIs Domain Signal (nm) Aem, (NM)
roGFP2- Orpl GFP 390/480  510-530
Orpl¥
roGFP2- Tsa2 GFP 405/488 510
Tsa2 ACR®
roGFP2- Tpx1.C169S GFP 405/488 510
Tpx1.C169S
HyPer® OxyR (E. cpYFP 420/500 516
y coli)
HyPer24 OxyR (E. cpYFP 420/500 516
y coli)
HvPer3t OxyR (E. cpYFP 420/500 516
y coli)
OxyR (E. cpmApple 575 605
42
HyPerRed coli)
HyPer74 OxyR (N. cpYFP 400/500 520
y meningitidis)
NeonOxIrr® OxyR (E. cpmNeon 508 520
coli) Green
TriPer® OxyR (E. cpYFP 405/488 ~ 516
coli)
OxyFRET?® Yapl FRET 435 535/480
PerERETO0 Yapl and FRET 435 535/480
Orpl
Prx2-based Prx2 FRET 488 525/625
FRET!
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1.3.4.1 roGFP2-Orpl

A redox relay was created (Figure 1.1B) by fusing roGFP2 to Orp1, a yeast peroxidase,%?

resulting in roGFP2-Orpl that can sense H»0..>" The proximity between roGFP2 and Orpl
converts physiological H20> signals into measurable fluorescent signals. Oxidation of Orpl by
H>0O> first generates an intramolecular disulfide bond between C36 and C82 in Orpl, and the
disulfide bridge is subsequently transferred to roGFP2 through a thiol-disulfide exchange. Orpl
can generate a disulfide bridge in roGFP2 using H20> in a near-stoichiometric way.3’ Oxidized
roGFP2-Orpl is reduced by the Trx and Grx/glutathione systems. Thus, the readout of roGFP2-
Orpl is affected by both H.O--induced oxidation and Trx/Grx/glutathione-induced reduction.®
Using a similar strategy, roGFP2 has recently been linked to peroxiredoxins (Prxs) lacking
resolving Cys, leading to roGFP2-Tsa2ACr% (2-Cys Prx from S. cerevisiae) and roGFP2-
Tpx1.C169S.%” These two Prx-based GERIs are sensitive to very low concentrations of H20; (their
limits of detection were estimated to be a few nanomolar). To date, the applications of roGFP2-

Tsa2ACr and roGFP2-Tpx1.C169S are mostly limited to yeast.

1.3.4.2 HyPers

HyPers are a family of H.O, indicators made by inserting a cpFP into a H2O2 sensory
domain derived from bacterial transcriptional factor OxyR (Figure 1.1C).3**3 Upon oxidation, the
active Cys199 of OxyR is repelled by the hydrophobic pocket and forced into proximity with
Cys208 to form an intramolecular disulfide bond.!®® Disulfide bridge formation results in
conformational changes of OxyR, which can modulate the fluorescent signal of the inserted cpFP.
The oxidation of HyPers can be reversed by cellular enzymes engaged in the thiol-disulfide

exchange.3%*
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The first indicator of this family, HyPer, was created by integrating a cpYFP between 205
and 206 sites of Escherichia coli (E. coli) OxyR regulatory domain (Oxy-RD).>® HyPer is an
excitation-ratiometric indicator with two excitation peaks at ~420 and ~500 nm and a single
emission peak at ~516 nm. Upon oxidation, the fluorescence excited at 420 nm (Fa420) decreases,
while the fluorescence excited at 500 nm increases (Fso0). The maximal ratiometric excitation
change (Fsoo/Fa20) can be up to ~ 3-fold.*® In 2011, an advanced version of HyPer named HyPer2
was developed by introducing a single point mutation A406V to the sensory domain OxyR-RD.
HyPer2 displays an improved dynamic range, which is twice of that of HyPer.*? Later on, HyPer3
was developed by introducing another point mutation, H114Y, to OxyR-RD. HyPer3 gains an
expanded dynamic range compared to HyPer and faster kinetics than HyPer2.! The red version of
HyPer, HyPerRed, was designed by replacing the cpYFP with cpomApple.*? Unlike HyPer, HyPer2,
and HyPer3, HyPerRed is an intensiometric indicator whose emission increases by ~ 2-fold upon
oxidation by H0..*? Because HyPers are pH-sensitive, a pH control SypHer was also
developed.' By introducing a point mutation C199S, SypHer is insensitive to H202 but shows

the same pH sensitivity as HyPer.1%

HyPer7, the most updated version of the HyPer family, was developed by inserting cpGFP
into an OxyR-RD from Neisseria meningitidis (N. meningitidis).** HyPer7 is 15- to 17- fold
brighter than HyPer3, and its ratiometric readout (Fsoo/Fao0) is stable within the physiological pH
range. Compared to the previous HyPer indicators, HyPer7 can respond to a relatively low
concentration range of H.O, and the response is much more rapid.** The minimum H.0:
concentration needed for a ratiometric increase of 0.1 is approximately 1 pM for HyPer and
HyPer3 but only 0.03 uM for HyPer7. The reaction rate of HyPer7 with H2O> is ~ 60 and 86 times

faster than those of HyPer and HyPer3.%
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1.3.4.3 NeonOxlrr and TriPer

Like HyPer family indicators, NeonOxlIrr was constructed by fusing a comNeonGreen to
the truncated OxyR from E.coli.®® 1% NeonOxIrr displayed 5.9-fold higher brightness, 15-fold
faster oxidation rate, and 7.6-fold longer reduction half-time than HyPer3.%¢ Additionally,
NeonOxIrr has demonstrated a 2.3-fold dynamic range in response to H.O> with higher stability
within the pH range of 5.5-7.5.% The slow reduction rate of NeonOxIrr can help integrate signals
over time; on the other hand, it makes NeonOxIrr unsuitable for real-time monitoring of fast H20-

dynamics.*®

HyPer is inadequate to sense H»>O; in the thiol-oxidizing ER environment due to its low
redox potential. In HyPer, C199 of OxyR reacts with H>O> to form a sulfenic acid, which C208
further attacks to form a disulfide bond. The disulfide bond would be continuously formed in the
presence of the ER protein disulfide isomerases (PDIs), depleting all reduced HyPer.}%® By
replacing Alal87 in OxyR with Cys, a tri-Cys indicator, TriPer, was generated.* It is speculated
that the presence of this additional cysteine creates a diversionary disulfide, C187-C208, keeping
a fraction of C199 in its reduced form. Thus, a fraction of the C199 thiolate could still react with
H20: to form a sulfenic acid intermediate, which could be further converted into a low-
fluorescence state when excited at 488 nm. As a result, the ER-expressed TriPer responded to H2O»,

while Hyper did not show any response under the same condition.*®

1.3.4.4 OxyFRET and PerFRET

Two novel FRET-based indicators, OXyFRET and PerFRET, were built to measure H20>
generated by NADPH-dependent oxidase (NOX) in live cells.’?®® Both indicators have a Hz20»-

sensitive domain inserted between Cerulean® and Venus.”” The sensory domains in OXyFRET are
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N- and C- terminal cysteine-rich domains of Yapl (nCRD and cCRD), while PerFRET contains
Orpl and Yapl cCRD.X" Upon oxidation by H20-, the catalytic cysteine of Orp1 or nCRD forms
a disulfide bridge with the cCRD of the Yap1,'® altering the effective FRET distance between the
CFP and YFP (Figure 1.1F). Interestingly, the Fs3s/Fago emission ratios of OxyFRET and
PerFRET change in opposite directions: oxidation of OXyFRET increases its Fs3s/Fago emission
ratio while the Fsas/Fago emission ratio of PerFRET decreases under the same condition.!®® The
oxidation of these indicators is rapid and reversible; their ratiometric readouts are relatively
insensitive to pH changes. However, these indicators lack complete in vitro characterizations

because it has been challenging to purify them.®

1.3.4.5 Peroxiredoxin-2 (Prx2)-based FRET indicator

The exceptionally active cysteine at the N-terminus of human Prx2 can form a disulfide
bond with a second cysteine residue located on an adjacent Prx2 monomer, leading to a covalently
linked dimer.2° Prx2 reacts with H,O; faster than other sensing domains such as Orp1 and OxyR,
making it more kinetically favored.'?! Based on this mechanism, a fluorescent FRET indicator was
developed for monitoring trace H,O> fluctuations. Prx2 was placed between Clover,”® a GFP, and
mRuby?2,® an RFP (Figure 1.1F). This FRET FP pair was chosen because it was reported to have
a higher dynamic range than conventional CFP-YFP FRET pairs.”® The resultant Prx2-based

indicator is ultrasensitive to the femtomolar-level change of H.0O2 concentrations.*%

1.3.5 GERuIs for pyridine dinucleotides

Pyridine dinucleotides are essential for maintaining cellular redox homeostasis. In

particular, NADPH provides the reducing power and neutralizes ROS through the glutathione and
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Trx antioxidant pathways. In addition to its role in protecting cells against oxidative stress,
NADPH also serves as the substrate for NADPH oxidases to generate ROS. NADH is another
cellular reducing molecule, although, in most organisms, NADH's function is primarily metabolic.
NADH is the primary electron donor for mitochondrial ATP synthesis, and ROS is generated in
this process as by-products. NADH and NADPH are linked through their oxidation products,
NAD* and NADP*, since NAD" kinase (NAK),'% a well-known enzyme, can convert NAD* into
NADP™, which is further reduced into NADPH through the pentose phosphate pathway. MESH1
(Metazoan SpoT Homologue 1)*° was recently reported as a cytosolic NADPH phosphatase in
mammalian cells, and MESH1 converts cellular NADPH into NADP to promote ferroptosis under
stress conditions. Below we discuss a few examples of GERIs that can sense the NADPH and

NADH redox couples (Table 1.3).

26



Table 1.3  Representative GERIS for NADPH and the NADH redox couple.
Aem Ka? Signal Sensory Recommended
GERIs Targets  Aex (NM) (nm) Domain  pH control
LigA- NAD* 405/480 530 65 UM  cpVenus DNA cpVenus
cpVenustt ligase
NAD"/ 500 518 14 pM cpYFP  T-Rex mCherry-cpYFP
FiNad*? (ATP+AD to 1.3
P) ratio mM
Frex!13 NADH 421/500 518 3.7uM  cpYFP  B-Rex cpYFP
FrexH3 NADH 421/500 518 40nM  cpYFP  B-Rex CpYFP
NADH/ 400 510 <5 nM cpT- T-Rex pH resistant
Peredox®  NAD?* for Sapphire
ratio NADH
NAD/NA 490 516 180 nM cpYFP  T-Rex SypHer
RexYFP4  DH ratio for
NADH
Apollo- NADP* 485 535 0.1~20 HomoF G6PD pH resistant
NADP*5 UM RET
NADPSort NADP* 440 478/52 2mM  FRET KPR pH resistant
6 6
NAD*/NA 420 485 5 uUM cpYFP  T-Rex CpYFP
DH ratio for
NAD*
SoNar#
0.2 uM
for
NADH
: 7 NADPH  420/500 515 2-120  cpYFP  T-Rex iNapC
INaps LM

8 Kgq: dissociation constant
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1.3.5.1 LigA-cpVenus

LigA-cpVenus is an NAD* indicator derived from a bacterial DNA ligase, which contains
a bipartite NAD*-binding domain.!** 118 A cpVenus’’ was inserted between the two subdomains
(Figure 1.1D). The apparent Kq of LigA-cpVenus to NAD" is ~ 65 pM.!!! The binding of NAD*
results in a decrease of fluorescence in a dose-dependent manner with excitation at 488 nm (Fass),
whereas the fluorescence with excitation at 405 nm (Faos) remains unchanged.!'! Thus, an
excitation-ratiometric readout (Fass/F4o0s) can be used to normalize sensor expression levels. Tests
against other nucleotides and NAD" precursors show that the probe is specific to NAD*.1! LigA-
cpVenus is susceptible to pH change, but the pH influences can be corrected using cpVenus due

to their similar pH profiles.!!!

1.3.5.2 FiNad

FiNad is another GERI for NAD". A cpYFP was inserted between F189 and L190 of the
Thermus aquaticus Rex (T-Rex) monomer through short peptide linkers (Figure 1.1D).1!2 FiNad’s
fluorescence increases ~ 7-fold after binding with NAD™. It also responds to NADPH, but the
response range is far above the physiological concentration of cytosolic and nuclear NADPH.!?
ATP or ADP affects the affinity of FiNad to NAD*, and the Kq of FiNad to NAD* ranges from
~14 uM to 1.3 mM, depending on the concentrations of ATP or ADP. Thus, FiNad is actually an
indicator for the NAD'/AXP ratio, in which AXP is the total pool of ATP and ADP.'? FiNad has
been genetically fused to mCherry,® and the resultant mCherry-FiNad chimera allows a
ratiometric readout of NAD™ dynamics. The green fluorescence of mCherry-FiNad excited at 485

nm is pH-sensitive, whereas the red fluorescence excited at 590 nm is relatively insensitive to pH
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changes. When using mCherry-FiNad in conditions with pH fluctuations, a mCherry-cpYFP

fusion protein should be used in parallel for correction.'*?

1.3.5.3 Frex and FrexH

Frex and FrexH are GERIs for monitoring NADH dynamics. They were designed by
inserting a cpYFP between a complete Bacillus subtilis Rex (B-Rex) monomer and B-Rex's
NADH-binding domain (Figure 1.1D).!*3 Both indicators displayed similar spectral properties as
cpYFP with two excitation peaks at 421 and 500 nm and a single emission peak at 518 nm.*'3 Frex
exhibits a 9-fold fluorescence increase upon binding with NADH, while FrexH displays a change
in the opposite direction, ~ 3-fold fluorescence turn-off. In addition, both of them showed high
selectivity toward NADH. The Kq of FrexH to NADH is ~ 40 nM, 10-fold lower than that of Frex
(~ 3.7 uM).1*2 Due to their pH responses similar to cpYFP, the pH interference can be corrected

by using cpYFP in parallel experiments.

1.3.5.4 Peredox

Peredox was constructed by integrating a pH-resistant GFP, T-Sapphire,®® between two
subunits of a T-Rex tandem dimer. It is an indicator for NADH/NAD" ratio because its affinity for
NADH effectively decreases with increasing NAD™ concentration.® Due to its pH resistance, the
fluorescence of Peredox is not affected by pH changes. However, the competitive binding with
NAD™ or NADH varies substantially with pH. Peredox provides intensiometric readouts with a
single excitation peak at 400 nm and an emission peak at 510 nm, but it has been fused with
mCherry® or mCitrine,® for ratiometric reading.®® ¥ One limitation of Peredox is its

exceptionally high affinity to NADH, making it easily saturated in some cellular compartments.®
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1.3.5.5 RexYFP

RexYFP was made by integrating cpYFP into the loop of one subunit of T-Rex, between
the nucleotide and DNA binding domain (Figure 1.1D).1** The molecular weight of RexYFP is
1.5- to 2-fold smaller than Frex and Peredox. NADH binding leads to a fluorescence decrease with
490 nm excitation and a fluorescence increase with 340 nm excitation.'** When tested against
various NADH analogs, RexYFP responded to both NADH and NADPH. Thus, it is hard to
exclude the NADPH interference when using RexYFP in living cells. Although NAD™ does not
elicit fluorescence change of RexYFP, it can compete with NADH for binding to RexYFP.4 Due
to the greater concentration of NAD™ than NADH in live cells, RexRFP should be considered as
an indicator for the NAD*/NADH.'* Since RexYFP is pH-sensitive, SypHer,'% a pH indicator

with a cpYFP chromophore, was used to correct pH-related artifacts.*'*

1.3.5.6 Apollo-NADP*

Apollo-NADP* is based on homo-FRET, which uses the same FP as both the donor and
acceptor.'*®> Homo-FRET decreases steady-state fluorescence anisotropy.'?° Glucose-6-phosphate
dehydrogenase(G6PD) is an inactive monomer in the absence of NADP*. In the presence of high
amounts of NADP", it turns into an active homodimer.*?! Taking advantage of this dimerization
mechanism, Apollo-NADP* was made by sandwiching a catalytically inactive human G6PD
between two copies of Venus, a YFP.”” NADP" binds Apollo-NADP* at an affinity similar to that
of the wild-type G6PD, triggering dimerization and fluorescence anisotropy decrease.'*® The probe
does not respond to other metabolites, including NADPH, NAD", NADH, and ATP. Apollo-
NADP* is a reversible, pH-resistant indicator compatible with many other indicators. The

limitation of this indicator is its relatively small (15-20%) dynamic range.'*®
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1.3.5.7 NADPsor

NADP* can bind ketopantoate reductase (KPR) as a cofactor.'??> Hence, NADPSor was
generated by inserting the binding element from KPR between a CFP-YFP FRET pair.!*® The
binding of NADP~ triggers a conformational change of KPR from a relatively closed form to an
open state. This structural rearrangement distances the two fluorophores and lowers the FRET
efficiency.''® Thus, the indicator displays an NADP* concentration-dependent decrease in FRET,
indicated by a lower fluorescence emission ratio (Fs2e/Fs78) at 526 and 478 nm. NADPsor is
specific to NADP* with a detection limit of ~1 pM and does not respond to other NADP*-like

metabolites.1®

1.3.5.8 SoNar

SoNar, one of the most promising indicators for monitoring the live-cell NAD*/NADH
ratio, was constructed based on a truncated T-Rex.** NADH-bound T-Rex exhibits an open
conformation while NAD*-bound T-Rex shows a closed conformation. Integration of cpYFP into
the surface loop of T-Rex couples the NADH/NAD? binding-induced conformational change with
cpYFP's spectral characteristics, enabling SoNar to provide an excitation-ratiometric readout
(Figure 1.1D).* SoNar has two excitation peaks at 420 and 485 nm (Faz0/F4ss). Binding to NADH
increases the excitation ratios (Fa2o/Fsss) while binding to NAD* decreases the ratio, resulting in a
maximal 15-fold fluorescence change in vitro.** 12 The apparent K4 of SoNar for NAD* and
NADH is ~ 5 uM and ~ 0.2 uM, respectively, far below the intracellular NAD* and NADH
concentrations, making SoNar a good reporter for the NAD*/NADH ratio without being affected

by the total NAD(H) pool. 4124125 SoNar responds rapidly even to subtle differences in cellular
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NAD*/NADH.'2 As a cpYFP-based indicator, the pH effect of SoNar can be corrected using a

cpYFP in parallel.

1.3.5.9 iNap indicators

iNap indicators (iNaps) were NADPH sensors developed from SoNar. Mutations were
introduced to convert T-Rex from an NADH binder to an NADPH binder.''” The resultant iNap
variants (named iNap1, iNap2, iNap3, and iNap4) have apparent NADPH affinities ranging from
2 uM to 120 uM. iNaps have two excitation peaks at ~420 nm and ~500 nm and one emission peak
at 515 nm.*” NADPH binding leads to a ~3.5-fold increase in fluorescence excitation at 420 nm
and a ~2.5-fold decrease of fluorescence excitation at 485 nm, rendering a ~ 900% excitation-
ratiometric change.’'” As iNaps can give ratiometric readouts, iNaps can be targeted to different
cellular compartments to measure the NADPH levels. They have also been applied to measure the
change of NADPH levels in cells under oxidative stress.!” A pH control, iNapc, was created by

introducing four mutations into the binding domain to abolish ligand-binding.*!’

1.3.6 GERIs for molecular oxygen (O3)

The d(UnaG-mOrange) fusion protein for hypoxia and reoxygenation (dUnOHR),'% is an
indicator consists of an oxygen-independent FP, UnaG,’® and an oxygen-dependent orange FP,
mOrange.®® Under hypoxia, only the fluorescence of UnaG is detectable, while the fluorescence
of mOrange is undetectable. Following reoxygenation, the mOrange chromophore matures, and
its fluorescence becomes detectable while UnaG fluorescence decreases due to FRET from UnaG
to mOrange.*?® FluBO’ is another similar indicator based on FRET between YFP and the oxygen-

independent flavin-binding fluorescent protein (FbFP).1?8 The presence of oxygen leads to YFP
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chromophore maturation and efficient FRET to FbFP. In the absence of oxygen, the chromophore
of YFP is not formed, and there is no FRET.*?” Both dUnOHR and FIuBO are based on irreversible
oxygen-dependent chromophore maturation, so their responses are irreversible and slow.
Additionally, UnaG and FbFP require bilirubin and flavin mononucleotide as cofactors for

fluorescence, leading to inaccurate outputs when these cofactors' levels are limited.*?°

ProCY, developed by our research group, is also a FRET-based indicator responsive to
oxygen levels.*® Hypoxia-inducible factor (HIF-1a) is a transcription factor regulated by prolyl
hydroxylase domain enzymes (PHDs) in an oxygen-dependent manner. Under normal oxygen
levels, PHDs can use oxygen to hydroxylate the conserved proline (Pro564) of HIF-1a. As a result,
hydroxylated HIF-1a subsequently binds to von Hippel-Lindau (VHL), leading to subsequent
polyubiquitination and proteasomal degradation of HIF-1a. Under hypoxia, HIF-1a is stabilized
due to the reduced activity of PHDs.**133 ProCY was generated by inserting a 22-amino-acid
proline-containing peptide (556-577) from HIF-1a and a 10-kDa binding domain of VHL between
an ECFP and a yellow FP (YPet).®** The HIF-1a derived peptide and the VHL domain were
connected by a 21-aa GS rich linker. The interaction between HIF-1a peptide and the VHL domain
under different oxygen levels would result in a conformational change that affects distance,
orientations, and subsequently, the FRET efficiency between ECFP and YPet (Figure 1.1F).1%
ProCY shows a dynamic range of 168% with the FRET ratio change from 2.95 to 1.76 upon proline

hydroxylation, making it a reliable tool for monitoring hypoxia.**

1.3.7 GERIs for Methionine sulfoxide (MetO)

Methionine can be converted to the R- or S-diastereomers of methionine sulfoxide (MetO)

by different oxidants when reacted with ROS.**® Methionine sulfoxide reductases A (MSRA) and
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B (MSRB) are the specific enzymes of the S- and R-diastereomers of MetO.**¢ 37 Reduction of
the MetO-containing substrate in MSRA/MSRB can lead to a stable disulfide bond between an
MSR and a corresponding Trx in the fusion chimera and thus trigger conformational changes
(Figure 1.1D). Based on this mechanism, two indicators, MetSOx and MetROXx, were developed
by sandwiching cpYFP between MSRA/MSRB and Trx, enabling the detection for S and R-forms
of MetO, respectively.'*® Reduced recombinant MetSOx shows two excitation peaks at 425 and
505 nm and a single emission peak at ~ 515 nm. Upon reaction with MetO, there is a noticeable
increase in fluorescence emission with excitation at 505 nm but not with excitation at 425 nm. 3
Similarly, reduced MetROX displays two excitation peaks at 410 and 500 nm and a single emission
peak at ~ 515 nm. Reaction with MetO results in a turn-on fluorescence change with excitation at

410 nm and a turn-off change with excitation at 500 nm.*3®

1.3.8 GERIs for Peroxynitrite (ONOO")

Peroxynitrite (ONOO") is a highly reactive RNS formed from a diffusion-controlled
reaction of superoxide and nitric oxide.®*® 4% Boronate-containing small molecules*! 142 have
been developed as indicators for ONOO™, although they often cross-react with other ROS such as
H202 and HOCI.** 143 Our group used a genetic code expansion technology to introduce an ncAA,
p-boronophenylalanine (pBoF), into the chromophores of cpGFPs, and further performed protein
engineering on the scaffolds to modulate the reactivity of the introduced new functional group
(Figure 1.1E). Using a circularly permutated sfGFP (cpsGFP),% we derived pnGFP, with a single
excitation peak at 484 nm and a single emission peak at 508 nm.*® The indicator switches from a
nearly dark state to a fluorescent state after treatment of nanomolar level of ONOO™ while showing

no visible response to other redox-active molecules at physiologically relevant concentrations.*®
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By identifying an appropriate tRNA/aminoacyl-tRNA synthetase pair for mammalian cells, the
probe was expressed in mammalian cells to image ONOO™ with minimal interference from other
reductants or oxidants.*® Recently, we reported a second-generation ONOO™ indicator, pnGFP-
Ultra, engineered via structure-guided reactivity screening.*® pnGFP-Ultra displays a remarkable
~110-fold fluorescence enhancement in response to ONOO™. It presents faster chromophore
maturation, greater brightness and selectivity, and a larger dynamic range than pnGFP.*® With an
optimized ncAA incorporation system, the expression level of pnGFP-Ultra in HEK 293T cells
has been drastically improved. pnGFP-Ultra has been demonstrated to be a robust tool for ONOO™

detection in activated macrophages and primary mouse glia.*®

In another recent study, the ncAA, thyronine (Thy), was introduced into the chromophores
of sfGFP or cpsGFP.* The incorporation of Thy led to non-fluorescent proteins, the fluorescence
of which could be activated by ONOO™ in a concentration- and time-dependent manners.44
Despite the initial promise, these Thy-based indicators need further improvement for brightness,

sensitivity, specificity, and detection limits.

1.3.9 GERIs for Hydrogen sulfide (H.S)

Hydrogen sulfide (H2S) is a weak reducing agent. Although it may directly neutralize
highly reactive ROS and RNS, H2S executes its antioxidant activity primarily through other
indirect pathways. H.S was shown to induce S-sulfhydration of specific cysteine residues in
proteins,*> upregulate reduced glutathione and Trx1,%4% 27 enhance antioxidative enzymes such
as superoxide dismutase (SOD),'*® promote the biosynthesis of antioxidative enzymes,'*° and
inhibit mitochondrial free radical production.’®® To develop a selective GERI for H2S, H,S-

reactive ncAA, p-azidophenylalanine (pAzF) was introduced into the chromophores of a cpGFP
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(Figure 1.1D). The full-length protein, named cpGFP-Tyr66pAzF, was generated in live cells by
co-expressing corresponding tRNA/aminoacyl-tRNA synthetase pairs.*® Treatment with H2S
resulted in specific and rapid fluorescence enhancement.* A significantly enhanced version of the
HS indicator, hsGFP, was later developed based on cpsGFP.4” The chromophore-forming Tyr in
cpsGFP was replaced with pAzF, followed by optimization of N- and C- terminal residues close
to the chromophore. The addition of H.S to hsGFP decreases the absorbance peak at 391 nm with
an accompanying increase at 452 nm.*’ hsGFP is superior to cpGFP-pAzF in many aspects. Due
to the superfolder mutations in hsGFP, the hsGFP indicator shows much-improved folding and
maturation. Additionally, the product of hsGFP upon reaction with H»S is ~ 9-fold brighter than
the product of cpGFP-Tyr66pAzF. After incubation with 100 uM H.S, the fluorescence of hsGFP
increases by ~ 5.5-fold, whereas the fluorescence change of cpGFP-Tyr66pAzF is only ~ 0.6-
fold.*” 1t was also demonstrated that hsGFP could be readily targeted to various subcellular
domains to detect H,S effectively.*” Because hsGFP is an intensiometric indicator, its intensity is
sensitive to protein expression levels and instrumental setups. To create a ratiometric HzS indicator,
hsGFP was fused to EBFP2.” In the resultant hsFRET indicator, the reaction product of hsGFP
and H>S acts as a FRET acceptor to EBFP2. Upon reaction, the green-to-blue emission ratio of

hsFRET increases from 0.62 to 1.73.1%!

1.3.10 GERIs for organic hydroperoxides (OHPs).

Organic hydroperoxides (OHPs) induce more sustained cellular stress than H202%2 While
anumber GERIs for H2O2 have been developed, to our knowledge, OHser (Organic Hydroperoxide
Sensor) remains the only indicator for OHPs.®2 OHser was generated by inserting cpVenus,’’ a

circularly permuted form of a YFP variant, into Xc-OhrR,*%® a transcriptional regulator controlling
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OHP detoxification in the soil bacterium Xanthomonas campestris (Xc).'>? 152 Upon oxidation by
OHPs, two intersubunit disulfide bonds are formed, breaking the a5 helix in OhrR into two distinct
helices connected by a loop. This helix-to-loop conversion results in a significant conformational
change, leading to the fluorescence change of cpVenus (Figure 1.1C).152 OHser displays a 2-fold
response to cumene hydroperoxide (CHP) and tert-butyl hydroperoxide, but almost no response to

H.0-. It is sensitive to pH changes, so cpVenus should be used in parallel as a control.*>?

1.3.11 GERIs for Nitric Oxide (NO)

Nitric oxide (NO) is a crucial gasotransmitter. In addition to its well-known role in
inactivating cyclic guanosine monophosphate (cGMP)-dependent signaling pathways,>* NO can
execute its biological functions through ONOO™, which is made from a diffusion-controlled
combination of NO and superoxide, or through S-nitrosylation (-SNO), a crucial post-translational
modification of sulfhydryl residues in proteins.’> An amplifier-coupled fluorescent indicator for
NO, namely NOA-1, was created by individually fusing the a- and B-subunits of the NO receptor
protein sGC with a genetically encoded cGMP indicator named CGY.*® 5" Upon binding with
NO, the spontaneously formed sGCa-CGY/sGCB-CGY heterodimer can generate cGMP from
GTP at a ~ 400-fold faster speed. The generated cGMP binds to CGY to cause a fluorescence
change, showing as a ratiometric readout.*>® 15" Another family of NO indicators is geNOps.1* A
bacteria-derived NO-binding domain, GAF,'* was fused with various FPs to generate chimeras.
The addition of NOC-7, a potent NO donor,*° quickly reduces the fluorescence of geNOps by ~7-
18%. There is a linear correlation between the NO concentration and NO-induced fluorescence

quenching, and the response is fully reversible.!® However, geNOps require high levels of Fe?*
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for its expression, and it is often needed to soak geNOp-expressing cells with a Fe?* booster

solution before imaging. This is an obvious limitation of these geNOp indicators.%

1.4 Selected applications of GERIs

Redox-active molecules, such as Trx, Grx, and H20z, are essential for normal cell functions.
For example, EGF promotes RTK autophosphorylation and activation, which further triggers cell
proliferation and differentiation through the ERK kinase pathway.'®* NOX, activated by EGF,
induces H20- production to deactivate tyrosine phosphatases through cysteine sulfenylation (Cys-
SOH), thereby augmenting the EGF signal transduction through RTKs.® Furthermore, H20; has
been shown to directly enhance the kinase activity of EGF receptor (EGFR) by sulfenylation of
EGFR's catalytic cysteine.'®? Production of H.0, by NOX is, in fact, essential for ERK activation
and cell spread.'®® On the other hand, the GSH and Trx antioxidant systems can reduce sulfenic
cysteines back to thiolates, terminating EGF signaling.® ¢ Combining TrxRFP with Grx-roGFP2

reveals that EGF indeed increases the oxidation of both Trx and GSH/GSSG.%

Dysregulation of redox signaling can cause oxidative stress, which shifts cells towards
disease states.'®* Antioxidants have been explored to reduce oxidative stress and boost antioxidant
defense, but dietary antioxidants have failed to yield consistent and satisfactory clinical
outcomes.’® Some studies have shown that certain nutritional antioxidants can even increase
cancer progression by downregulating the expression of antioxidant genes.'® Also, unsuccessful
treatment of neurodegenerative diseases with generic antioxidants indicates that some levels of
oxidation may be needed for normal signaling and neurogenesis.¢” 168 Because redox signaling is
tissue-dependent and spatially regulated, generic antioxidants may not be effective for disease

treatment. Meanwhile, a recent study has shown that an organelle-specific NOX inhibitor can

38



substantially reduce airway inflammation and slow down viral replication.!%> 1 Therefore, the
spatial information of redox signaling in diseases would be crucial for developing effective
antioxidant treatments. GERIs provide a convenient means to access the spatiotemporal
information of redox signaling, thus offering opportunities to better understand diseases and
develop new treatments (Figure 1.2). Here, we discuss several examples, which applied GERIs to

studies related to oxidative signaling and diseases.
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Figure 1.2 Acute and chronic oxidative stress induced by various factors can

lead to a large variety of diseases.

Environmental exposure to toxins, drugs, and aging can result in elevated oxidative stress.
Unregulated oxidative stress can cause cellular damage through DNA, protein, lipid damages,
which exacerbate oxidative stress and contribute to the initiation and progression of diseases.
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1.4.1 Using GERIs to study ROS signaling

The number of available GERIs was relatively limited in the first decade of this century.
An early study combined roGFP1 with SOD expression and showed that the H2O> level was
elevated during cancer progression.t’® Another study combined roGFP1 with small molecule dyes,
revealing that mitochondrial inhibition in neurons generates superoxide, H202, and free radicals

and causes neuronal oxidation.’t

After the H.O»-specific sensor HyPer was developed, the H.O; level can be closely
monitored. In one example, HyPer was used to evaluate the roles of H20O. in C. elegans
development.”? The HyPer biosensor revealed that endogenous H20 levels were elevated during
the early larval stage but rapidly decreased in the reproductive and fertile phases.’?> Moreover, the
sensor provided an adequate spatial resolution to show the strongest fluorescence signal in the
head region.*’?> Although the underlying mechanism needs further studies, the available results

strongly suggest that the accumulation of H20- is tissue-dependent.

Similarly, a transgenic Xenopus line expressing HyPer also exhibited a fluorescence
increase during fertile phase.”® HyPer combined with a red genetically encoded fluorescent
calcium biosensor, R-GECO,"? revealed that peroxide production correlates with the Ca?* influx
in mitochondria after fertilization.!” Inhibition of the mitochondrial calcium uniporter (MCU)
diminishes the production of peroxide, and the peroxide production quickly recovers after the
removal of the MCU inhibitor.1”® Further studies showed that the cell cycle in the embryos' early
cleavage stages was regulated through mitochondrial ROS oscillation. Inhibition of mitochondrial
ROS production results in cell-cycle arrest, and the Cdc25C phosphatase may be a key regulator

during the process.!’3
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The role of redox signaling in regenerative processes has also been increasingly studied.
HyPer was used to map ROS production during vertebrate tail regeneration in Xenopus tadpoles.
Several X. laevis transgenic lines were developed to express HyPer ubiquitously. After tail
amputation, a remarkable increase in intracellular H>O> was detected using HyPer, and such high

intracellular H,O2 concentrations are maintained throughout the entire tail regeneration process.'’*

HyPer has also been used to visualize H,O, production caused by photodynamic therapy.”
Interestingly, in drug-resistant cancer cells, ROS levels are often low due to the upregulation of
antioxidant defences such as GSH, demonstrating the vital role of redox molecules in cancer
progression and treatment.!”® H,O, is a trigger for the expression of pro-metastatic and
proangiogenic factors. Using HyPer, Satoka and Hara-Chikuma show that aquaporin-3 (AQP3)
imports the extracellular peroxide produced by NOX2, and the increase of intracellular peroxide

favors cancer cell migration.*’: 178

GERIs are valuable tools for revealing redox transients in subcellular compartments.
roGFP2 has been targeted to the cytosol or mitochondria to assess the oxidative stress in the murine
lung.'” The sensor showed that lung hyperoxia, which refers to the state of having excess oxygen,
causes over-oxidation of the mitochondria but not the cytosol in neonatal alveolar cells. Oxidative
stress subsequently induces NOX expression and cell death.'”® While hyperoxia can cause
cytotoxicity in the lung, some levels of oxidation are essential for regulating its normal function.
By using roGFP2, Desireddi et al. were able to show that oxidation induced by hypoxia, which
refers to the state of having inadequate oxygen, triggers Ca?* import to promote pulmonary

vasoconstriction.18°

GERIs have been applied to studying redox signaling in neurodegenerative diseases, such

as Alzheimer’s disease (AD). Amyloid B (AP) aggregation is associated with AD. To investigate
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the onset of AP neurotoxicity, the researchers expressed cytosolic roGFP2-Orpl or Grx1-roGFP2
in the AP fruit fly models to monitor the H202 levels and the redox potential of GSH (Egsh) in
parallel.'® Increased cytosolic Egsn Was observed in neurons upon onset of AP aggregation,
suggesting that Egsn is the driving force for the AB-mediated neurotoxicity in AD.'®! More
specifically, this redox change was only observed in neurons but not in glial cells, implying that
neurons are susceptible to Ap-regulated redox stress.'® The study performed in Drosophila A
aggregation models suggested that glutathione redox potential plays a pivotal role in AD. In
another study, roGFP2 was targeted to mitochondria in neurodegenerative or mitochondrial
encephalomyopathy Drosophila models with ATPase deficiency or electron transport chain (ETC)
deficiency. roGFP2 revealed an elevated oxidation state at a later age in diseased fly models with
reduced lifespan and increased degeneration.'® Moreover, mitochondria-targeted antioxidants
improved locomotor function in early pathogenesis and extended the fly longevity, indicating the

involvement of oxidative stress in the disease progression.82

Grx1-roGFP2 has been used to study transgenic amyotrophic lateral sclerosis (ALS) and
spinal cord injury in mice models. In physiological conditions, mitochondrial contraction, a
process in neurons that protects mitochondria from acute stress, is accompanied by reversible
redox changes.*®® Grx1-roGFP2 revealed that mitochondrial contraction is preceded by transient
mild mitochondrial oxidation caused by stressors.*®® Next, the membrane depolarization through
potassium (K*) or sodium ion (Na*) fluxes further reduces membrane potential, consequently
increasing the mitochondrial matrix's pH and accelerating the ETC.' The ETC generates ROS,
which oxidizes the mitochondria to activate the uncoupling proteins (UCPs), dissipating the proton

gradient to protect mitochondria from prolonged damage.'®® In the ALS and spinal cord injury
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models, mitochondria in neurons do not experience contraction. Thus, mitochondrial oxidation in

these neurons becomes persistent, causing permanent mitochondrial permeability.

roGFP1 has also been expressed in cultured rat hippocampal neurons or organotypic slices
for monitoring the alteration of neuronal redox states during mitochondrial inhibition and neuronal
stimulation. Neuronal stimulation by K* consistently increases the oxidation of neurons, while
neuronal stimulation by glutamate can increase or decrease oxidation depending on the glutamate
levels.!™ In another study, the cytosolic or mitochondria-localized roGFP1 was stably expressed
in transgenic mice under the Thyl promoter to ensure cell-type-specific expression in excitatory
neurons.*® Neuron activation by either electrical stimulation or K*-mediated depolarization
altered the neuronal redox states indicated by roGFP1.18 The inhibition of the mitochondrial
respiratory chain in acute brain slices shifts roGFP1 to a more oxidized state.' In these examples,
roGFP1 provided a robust ratiometric readout for neuronal oxidation state unaffected by pH

changes.'’

GERIs have been utilized to investigate the role of redox in cardiac dysfunction. For
example, D-amino acid oxidase (DAAQ), a protein that can produce H>O> from the oxidation of
D-amino acids, was used as a chemogenetic tool to induce H2O> production. At the same time,
HyPer was fused with DAAO to monitor H202 production.*®® Using the cardiac troponin T (cTnT)
promoter, the fusion protein, HyPer-DAAO, was specifically targeted to the rat heart to induce
H20> production. HyPer revealed that DAAO stably expressed in the rat heart induced H20>
production when supplementing D-alanine.’®® Rats with H.O. generation showed cardiac
dysfunction such as systolic dysfunction (reduced heart contraction) and dilated cardiomyopathy
(weakened and enlarged heart muscle) without any signs of fibrotic remodeling.®® Although

overexpression of redox-active enzymes was observed in rat hearts, GSH concentration was
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lowered while the overall glutathione (GSH/GSSG) concentration was elevated, indicating the

presence of oxidative stress in the heart.8®

1.4.2 Using GERIs to decipher drug-induced oxidative toxicity

GERIs have been applied in high-throughput drug screening to evaluate the oxidative
toxicity of various drugs and drug candidates. SoNar, an indicator for the ratio of NAD*/NADH,
was used to screen > 5500 metabolism-perturbing anticancer drug candidates for cytotoxicity.** In
the study, SoNar was stably expressed in a human lung cancer cell line, H1299, and the effect of
the drug candidates on the cytosolic NAD*/NADH redox states was then assessed. Interestingly,
most compounds decreasing the cellular NAD*/NADH ratio showed no or minimal impact on cell
toxicity. In contrast, a significant fraction of the compounds that increased the ratio presented
apparent cell toxicity. A protein kinase B (Akt) inhibitor KP372-1, which increased the
NAD*/NADH ratio, exhibited the most potent cell cytotoxicity at the nanomolar concentration
range. Furthermore, a collective use of SoNar, HyPer, and roGFP revealed that KP372-1 is an
NAD(P)H dehydrogenase quinone 1 regulator, which mediates the NAD(P)H-dependent redox
cycling.* 18 This compound thus kills cancer cells by generating ROS. Using roUnaG, a later
study further confirmed this finding that KP372-1 exerts its anticancer function by creating severe

oxidative stress.187

In another study, stable cancer cell lines expressing mitochondrial-localized roGFP2(mt-
roGFP) and nuclear H2B-mCherry were utilized as tools for high-throughput drug screening.'®
Mt-roGFP was explicitly used to screen for drugs capable of perturbing mitochondrial redox
because mitochondrial oxidation is a marker for cytotoxicity. H2B-mCherry was used as a control

to mark nuclear structures. A library of cancer drugs was successfully screened through high-
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throughput imaging and segmentation of pre- or post-drug-treated cells.*®® The study demonstrated
that cisplatin, a chemotherapy medication, can cause mitochondrial damage and cytotoxicity.
Moreover, a later study used HyPer2 to further demonstrate that cisplatin could generate H20O: in
a time- and dose-dependent manner in cancer cells.'® Thus, GERIs have provided a promising
way to visualize drug-induced toxicity due to their ease of use, adaptability for different cell types,

and compatibility with high-throughput screening.

1.4.3 Using GERIs to decipher age-induced oxidative toxicity

Aging increases the risk for many diseases as well as morbidity and mortality from
diseases.'®® ROS accumulation and the depletion of other endogenous redox-active molecules such
as NAD" have been associated with aging.'®" 1% For example, mCherry-FiNad showed a decline
of NAD" level as mice age.*'? Model animals with compromised antioxidant defense systems often

exhibit features of premature aging such as mitochondrial dysfunction and DNA damage.*3

Using Grx1-roGFP2 and roGFP2-Orpl, Albrecht et al. found that the aging-dependent
oxidation in Drosophila was restricted to particular regions (e.g., midgut enterocytes), and the
redox states of H.O, and Grx were not coupled.’® Interestingly, higher levels of H.O, were
observed in Drosophila with longer lifespans.'®* In another study using C. elegans, the H20> level,
measured by HyPer, increases as aging occurs.'® A restricted diet could artificially extend the
lifespan of C. elegans and delay aging-dependent oxidation.’®® A recent study has further
elucidated the relationship between cellular redox states and C. elegans aging using Grx1-roGFP2.
An elevated oxidation level in the early developmental state is associated with a longer lifespan.*

The study showed that redox signaling could lower the trimethylation of lysine 4 in histone H3
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(H3K4me3), resulting in increased stress resistance and more reduced cellular states at a later

timepoint.%

Similarly, experiments in yeasts have shown aging-dependent oxidation. Both the H>O>
level measured by roGFP2-Orpl and the redox potential of the cytosolic GSH/GSSG pool
measured by Grx1-roGFP2 increase as yeasts age in aerobic conditions.'®” However, although the
H>02 level is still associated with the replicative lifespan of yeasts under anaerobic conditions, the

cytoplasmic GSH/GSSG redox system does not seem to play a role in lifespan.®’

1.4.4 Using GERIs to decipher environmental exposure-induced oxidative toxicity

It is well recognized that the environment is a critical contributing factor to human health.
Exposure to toxic environmental substances, such as heavy metals, pollutants, and chemicals, can
cause oxidative stress, skewing the cellular redox balance and elevating ROS levels. For example,
iron, copper, and chromium can generate free radicals through Fenton chemistry, while cadmium
can cause oxidative stress by inhibiting redox enzymes and depleting glutathione.'®® Subsequently,
when the level of ROS exceeds the antioxidant capacity, it can lead to tissue and DNA damage.*®®
Cellular and DNA damage further increases ROS levels through inflammatory response, leading

to cytotoxicity and even cancer.?®

roGFP2 has been applied in E. coli to study the level of oxidative stress resulted from H202,
menadione, sodium selenite, zinc pyrithione, and other heavy metals.?°* Interestingly, the heavy
metals have resulted in oxidation increases smaller than other chemical stressors in the bacterial
system.?%! In another study, a redox biosensor created by immobilizing roGFP2-expressing E. coli
in a k-carrageenan matrix was applied to study metalloid-induced oxidative stress.?%? Oxidative

stress, indicated by a rapid excitation increase of roGFP2 at 400 nm and an excitation decrease at
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490 nm, was observed after the exposure to metalloids.?%? Arsenite and selenite are two
representative metalloid pollutants in the aquatic environment, and they can enter the human body
after bioaccumulation. Both can cause cell cytotoxicity by inducing oxidative stress.?%? This
immobilized redox biosensor showed concentration-dependent fluorescence change in response to
both arsenite and selenite metalloids. However, different limits of detection (LODs) were observed,

which may be explained by different cytotoxicity levels of these two types of metalloids.?%

1.5 Conclusions and outlook

ROS are typical examples of "the dose makes the poison™ — a toxicological phenomenon
discovered by Paracelsus in 1538.2°2 When ROS are generated at low levels, they carry out crucial
signaling functions. However, when exceeding the physiological level, ROS can cause toxicity
and even irreversible damages. ROS concentrations largely contribute to the level of oxidative
toxicity, but the spatiotemporal regulation of various redox molecules is now found to play an
equally important role. This review article summarized a selected panel of GERIs, which form a
toolkit for studying redox signaling dynamics in various biological systems. When applying these
indicators in studies, it is necessary to consider different parameters, including the probe sensitivity,
specificity, detection limit, and dynamic range. In addition, artifact-inducing factors, such as pH,
temperature, and interactions with interfering ions, should also be excluded using appropriate
controls. Moreover, it should be taken into account that overexpression of GERIs in cells may
result in buffering effects, limiting the magnitude of redox changes in response to stimuli. In many
cases, the selection of the most suitable GERI depends on the particular research question, but as

a general rule, GERIs with appropriate midpoint redox potentials should be selected to ensure their
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proper functions. Sometimes, a head-by-head comparison may be needed to identify the best GERI

for a particular application.

While GERIs specific for Grx, Trx, and H202 have been developed, indicators specific for
other redox-active molecules are still in high demand. ROS such as superoxide and hydroxyl
radicals exhibit unique toxicity, but the detection of these radicals is difficult due to their short
lifetime. Having probes specific for them would be advantageous for understanding ROS-induced
toxicity as these radicals can directly damage DNA, react with protein, or modify lipid functions.
Other redox enzymes such as Erol (ER oxidoreductase 1) and PDI are critical for oxidative protein
folding,2** unfolded protein response (UPR),?% and cell apoptosis. GERIs specific to these redox

enzymes are currently lacking but needed.

In general, FPs with higher brightness and more robust folding and chromophore
maturation should be more amenable to redox-sensitive modifications and sensor engineering.
Also, indicators derived from FPs with better photophysical properties are more likely to inherit
these favorable features. With the appearance of more and more FPs possessing improved
properties, it would be desirable to develop GERIs based on these new FPs. For example, the
development of mScarlet, a red FP with better maturation, brightness, and photostability, may lead
to the generation of better, red fluorescent redox indicators.?®® GERIs with new colors, especially
those with longer excitation and emission wavelengths, would benefit redox studies in living
organisms. First, illuminating cells with longer wavelengths can lower cytotoxicity. Second, the
‘optical window' of tissues is also in the far-red and near-infrared spectral range in which efficient
endogenous absorbers are lacking.?’” GERIs based on far-red and near-infrared FPs will likely

become available, resulting in better tissue and animal imaging tools. Moreover, the development
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of GERIs in various colors can provide multi-color imaging tools to unravel the interplay and

crosstalk between different signaling pathways.

GERIs in imaging modalities other than fluorescence would also be valuable tools. Recent
studies have generated a panel of luciferase-luciferin pairs independent of the ATP cofactor,?%8-213
resulting in a platform for further developments of ATP-independent, bioluminescent GERISs.
These efforts will significantly facilitate our understanding of redox processes under opaque tissue

because bioluminescence imaging can reach deeper than fluorescence imaging.

The advances in GERIs will continue to accelerate our understanding of redox signaling,
which can, in turn, lead to the development of new indicators. The application of these new tools
would further expand our knowledge. As more is known, intervention strategies may be developed

to restore cellular redox balance and treat diseases.

There are continuous needs for advanced imaging techniques and/or indicators with better
photostability, brightness, and dynamic range. Currently, wide-field or confocal microscopy is
often used for imaging redox signals in living systems. Super-resolution imaging could be an
exciting new tool for investigating redox signaling with better spatial resolution. In one example,
super-solution imaging of cellular redox was demonstrated using HyPer2 and stimulated emission
depletion(STED) microscopy.?'* However, super-resolution methods such as STED and photo-
activated localization microscopy (PALM or STORM) require high light doses, resulting in
substantial photobleaching and cytotoxicity.?*> Other super-resolution methods, such as structured
illumination microscopy (SIM)?¢ and super-resolution radial fluctuations (SRRF)?*’, cause less
photobleaching and may be promising for imaging various GERIs. With advances in both
microscopy and indicators, the spatiotemporal regulation of redox signaling and oxidative toxicity

can be better understood in the future.
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Chapter 2 Improved red fluorescent redox indicators for monitoring cytosolic and

mitochondrial thioredoxin redox dynamics

This chapter is converted from a published paper: Pang, Yu, Hao Zhang, and Hui-wang Ai.
"Improved Red Fluorescent Redox Indicators for Monitoring Cytosolic and Mitochondrial
Thioredoxin Redox Dynamics." Biochemistry 61, no. 5 (2022): 377-384. Contributions of each
author are Yu Pang developed TrxRFP2 and MtrxRFP2. Hao Zhang and Yu Pang characterized
TrxRFP2. Yu Pang characterized MtrxRFP2. Hao Zhang performed structural modeling. Yu Pang
analyzed data and prepared the figures. Hao Zhang and Yu Pang wrote the manuscript. Hui-wang

Aii supervised research and revised the manuscript.

2.1 Abstract

Thioredoxin (Trx) is one of the major thiol-dependent antioxidants in living systems. The
study of Trx functions in redox biology was impeded by the lack of practical tools to track Trx
redox dynamics in live cells. Our previous work developed TrxRFP1, the first genetically encoded
fluorescent indicator for Trx redox. In this work, we report an improved fluorescent indicator,
TrxRFP2, for tracking the redox of Trx1, which is primarily cytosolic and nuclear. Furthermore,
because mitochondria specifically express Trx2, we have created a new genetically encoded
fluorescent indicator, MtrxRFP2, for the redox of mitochondrial Trx. We characterized MtrxRFP2
as a purified protein and used subcellularly localized MtrxRFP2 to image mitochondrial redox

changes in live cells.
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2.2 Introduction

Thioredoxin (Trx) is a family of redox-active proteins that play vital roles in cellular redox
homeostasis.™ 2 While imbalanced cellular homeostasis can cause oxidative stress, Trx can defend
against the stress by actively regulating many cellular functional activities, such as transcription,
deoxyribonucleotides synthesis, cell proliferation, and apoptosis.>* Trx serves as a key regulator
in cellular function, and dysfunction of Trx redox activities can lead to diseases. For example,
alterations in Trx activities are found in various neurological disorders,®> while overactivation of
Trx reductase (TrxR), a Trx regulator, is often observed in cancer proliferation and metastasis.*
Moreover, Trx may impact viral infection. For example, the reaction between Trx secreted from
CD4* T cells and the redox-active D2 disulfide of CD4 is essential for the entry of HIV-1 into
susceptible cells.” In this context, Trx and TrxR have emerged as promising therapeutic targets for

cancer, viral infection, and neurodegenerative diseases.*®

The typical Trx system contains Trx, TrxR, and nicotinamide adenine dinucleotide
phosphate (NADPH). The electrons are first transferred from NADPH to Trx through TrxR.°
Reduced Trx subsequently neutralizes reactive oxygen species (ROS) via peroxiredoxins or
induces the reduction of many other oxidized proteins while getting itself oxidized in the process.®
10 Mammalian Trx antioxidant system includes two major members, the cytosolic Trx1!! and the
mitochondrial Trx2,'2 each with a corresponding reductase, TrxR1 and TrxR2, respectively. Both
Trx1 and Trx2 are 12-kDa redox enzymes with a conserved redox-active Cys-Gly-Pro-Cys motif.*3
Trx1 and Trx2 are primarily localized to different subcellular organelles for spatial control of redox
signaling. Trx1 is mainly responsible for regulating the redox signaling in the cytosol and nucleus,

while Trx2 regulates the mitochondrial redox.! Because mitochondria are the primary cellular
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sources of ROS, inhibition of mitochondrial Trx2 and TrxR2 can remarkably decrease the capacity

of cells to scavenge ROS.*

Despite their essential roles in redox biology, the research tools for tracing Trx redox
dynamics remain inadequate. Prevalent approaches, including Western blotting,®
immunohistochemistry,'® and mass spectrometry®’ have been widely utilized to study the redox
status of Trx1. These methods, which only provide endpoint measurements, are incapable of
providing spatiotemporal resolution of redox signals in live cells. Moreover, the time-consuming
procedures, including cell lysis and sample preparation, might generate ROS, resulting in artifacts.
In the past two decades or so, fluorescent protein (FP)-based indicators have appeared as promising
tools for real-time tracking of redox molecules due to their genetic encodability, excellent
specificity, and superior capability to provide spatiotemporal information with outstanding signal-
to-noise ratios.'®2? For example, Gutscher et al. genetically fused glutaredoxin-1 (Grx1) to the N-
terminus of redox-active green fluorescent protein (roGFP2) to generate Grx1-roGFP2, a
fluorescent protein-based biosensor for detecting endogenous glutathione dynamics in live cells.?
Similar strategy to fuse human Trx1 (hTrx1) with roGFP2 did not yield any effective redox-
sensing biosensor.?® Previously, our group developed the first genetically encoded fluorescent
biosensor, TrxRFP1, that can detect the dynamic redox status of Trx in live mammalian cells by
fusing hTrx1 with redox-active RFP (rxRFP1). In contrast with roGFP2, which bears the active
cysteine residues at the surface of the B-barrel of a green FP (GFP), rxRFP1 has two active
cysteines at the N- and C- termini of a circularly permutated red FP (cpRFP).?#%6 In TrxRFP1,
Trx1 was placed in proximity to rxRFP1 through a 30-amino-acid Gly-Ser-rich linker. Because of
the spatial proximity, the redox status of the active cysteines in Trx1 is Kinetically coupled with

the redox state of rxRFP1. Such coupling allows TrxRFP1 to monitor the redox status of Trx1.2*
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In this work, we performed directed evolution with TrxRFP1 using an enzymatic reaction-
based screening strategy. We developed an enhanced Trx fluorescent biosensor, TrxRFP2, which
maintains the specificity but displays higher responsiveness than TrxRFP1 in live mammalian cells.
In parallel, we developed a Trx2-specific red fluorescent redox indicator, MtrxRFP2, by generating
and optimizing the redox relay between human Trx2 and rxRFP1.1.%” We localized MtrxRFP2 to

the mitochondria of living cells for detecting Trx2 redox.
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2.3 Methods and Materials

2.3.1 Engineering of TrxRFP2

Directed evolution was used to improve the responsiveness of TrxRFP1.2* Briefly, oligos
pBAD-F and pBAD-R (Table 2.1) were used to amplify the TrxRFP1 gene in a pBAD/His B
vector under an error-prone PCR (EP-PCR) condition. The resultant product was cloned into
pBAD/His B predigested with Xho | and Hind 111 using Gibson Assembly.?® The resulting library
was used to transform E. coli DH10B cells via electroporation. Cells were plated on LB agar plates
supplemented with 100 pug/mL ampicillin and 0.02% (w/v) L-arabinose. After incubation at 37 °C
overnight, the plates were imaged using a customized imaging system equipped with a Dolan-
Jenner Mi-LED Fiber Optic light source, appropriate excitation and emission filters in Thorlabs
motorized filter wheels, and a QSI 628 CCD camera. Bacterial colonies with medium to high
fluorescence were selected and cultured in 96-well deep-well plates containing 2xYT medium
supplemented with 100 pg/ml ampicillin and 0.2% (w/v) L-arabinose. Cells were cultured at 30 °C,
250 r.p.m for 24 h and then at 16 °C for additional 48 h. Bacteria cells were then pelleted at 3000xg
for 15 minutes and lysed using Bacterial Protein Extraction Reagents (B-PER). Fluorescence
responses of cell lysates were measured on a BioTek Synergy Mx Microplate Reader.
Fluorescence intensities were quantified and compared between an oxidized state (lysates treated
with 10 uM peroxiredoxin TPx1 and 100 pM H:0) and a reduced state (lysates treated with 10
uM TrxR1 and 200 uM NADPH). Two clones with high brightness and the greatest responsiveness
were selected for DNA extraction. Their mixture was used as the template for the next round of

EP-PCR. A total of seven rounds of directed evolution were performed to derive TrxRFP2.
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Table 2.1  Oligonucleotides used in this work.

PCR Primers

Sequence (5'—3’)

PBAD-Mtrx-F1

ataaggatccgagctcgagcacaacctttaatatccaggatgga

pBAD-Mtrx-R1

gccaatcagcttcttcaggaag

pBAD-Mtrx-F2

cttcctgaagaagctgattggeggtggatecggtggegg

pBAD-Mtrx-R2

tccgccaaaacagccaagcttttaagccacacttttgcacctttggtcacgegtagect

PCDNAS3-TrxRFP2-F

ctatagggagacccaagcttgccgecaccatgggaggttctcatcatca

PcDNAS3-TrxRFP2-R

cactatagaatagggccctctagattaagcctgactggageac

pCS2-Mito-F atccattcgttgggggataccggtcatcatcatcatcatcatggtatggce
pCS2-Mito-R1 taatacgactcactatagttctagaggctcgagttaagcctgactggagcacc
pCS2-Mito-R2 aatacgactcactatagttctagaggctcgagttaagccacacttttgcacct
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2.3.2 Protein purification and comparison of TrxRFP1 and TrxRFP2

Oligos pET-TrxRFP-F and pET-TrxRFP-R (Table 2.1) were used to amplify TrxRFP1 or
TrxRFP2 gene fragment from plasmid pBAD-TrxRFP1 or pBAD-TrxRFP2, respectively. Each
amplified fragment was inserted into a pET28a vector predigested with BamH | and Xho | via
Gibson Assembly.?® The products were used to transform E. coli DH10B cells. Plasmids were
prepared, confirmed by Sanger sequencing, and used to transform BL21(DE3) competent cells. A
single E. coli colony was selected for inoculating 5 mL 2xYT medium supplemented with 50
pug/mL kanamycin. After overnight cultured at 250 r.p.m and 37 °C, the culture was used to
inoculate 500 mL of 2xYT medium with 50 pg/mL kanamycin. Cells were cultured at 37 °C and
250 r.p.m until the optical density at 600 nm (ODeoo) reached 0.8. Next, 1 mM IPTG was added to
induce protein expression at 16 °C for 72 h. Proteins were purified using Ni-NTA agarose beads,
and next, subjected to size-exclusion chromatography with 1x phosphate-buffered saline (PBS,
pH 7.4) as the eluent. Protein concentrations were determined using an alkali denaturation
method.?® The prepared proteins were initially in the fully oxidized state due to the existence of
oxygen in the air. To monitor reduction kinetics, oxidized proteins (1 uM) were reduced with 10
uM TrxR1 and 200 uM NADPH in 1x PBS (pH 7.4) at room temperature. To monitor oxidation
Kinetics, the freshly prepared proteins (20 pM) were first reduced with 100 molar equivalents of
dithiothreitol (DTT) in an argon-filled anaerobic chamber at room temperature overnight; next, the
reduced proteins were immediately diluted 100 times with 1x PBS (pH 7.4) and oxidized by the
addition of 20 uM TPx1 and 200 uM H20- at room temperature. Both human TPx1 and TrxR1
were recombinantly expressed and purified from E. coli. For technical convenience, the
selenocysteine residue in TrxR1 was mutated to cysteine. Kinetic traces were monitored at room

temperature using the BioTek Synergy Mx Microplate Reader with excitation and emission
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wavelengths set at 560 and 610 nm, respectively. The intensity values were subtracted for the
background intensity of 1x PBS and then fitted for monoexponential decay (one phase decay) or
pseudo-first order association (one phase association) using the equations preset in Graphpad

Prism 9.

2.3.3 Modeling of TrxRFP2 with ColabFold

ColabFold,* which combines AlphaFold2 with MMsegs,®! 32 was used to predict the 3-
dimensional structure of TrxRFP2. Default settings were used. The program generated five
structures ranked by pTMscores for each sequence input. The one with the best pTMscore was
used to create illustrations and compared with the crystal structure of Trx (PDB:3TRX). Structural

presentations were prepared in PyMOL.

2.3.4 Engineering of MtrxRFP2

Oligos pBAD-Mtrx-F1 and pBAD-Mtrx-R1 (Table 2.1) were used to amplify the human
Trx2 gene using a gBlocks Gene Fragment ordered from Integrated DNA Technologies (IDT).
Next, oligos pPBAD-Mtrx-F2 and pBAD-Mtrx-R2 were used to amplify a Gly-Ser-rich linker and
mutate the C-terminal residues of rxRFP1 from pBAD-TrxRFP1.2* The C-terminus of rxRFP1 was
mutated to that of rxRFP1.1 for a lower mid-point redox potential suited for the mitochondrial
redox environment.?” These two fragments were assembled in an overlap PCR reaction using
pBAD-Mtrx-F1 and pBAD-Mtrx-R2 as the amplification primers. The resultant PCR product was
inserted into a pBAD/His B vector predigested with Xho | and Hind I11 using Gibson Assembly.?®
The product was used to transform cells as described above. The plasmid was isolated and

confirmed with Sanger sequencing.
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2.3.5 Protein purification and in vitro characterization of MtrxRFP2

The plasmid pBAD-MtrxRFP2 was used to transform E.coli DH10B cells, and a single
colony was used to inoculate 5 mL 2xYT medium supplemented with 100 pg/mL ampicillin. After
shaking overnight at 250 r.p.m and 37 °C, the culture was diluted with 500 mL of 2xYT medium
containing 100 pg/mL ampicillin. OD600 was monitored, and 0.2% (w/v) L-arabinose was added
to induce protein expression when OD600 reached 0.6. Expression was conducted at 30 °C for 24
h and then at 16 °C for another 72 h. The protein was purified using Ni-NTA agarose beads and
size-exclusion chromatography as described above. An alkali denaturation method was used to
determine the protein concentration.?® To examine the indicator’s specificity, freshly prepared
proteins (1 uM) were incubated with the indicated chemicals or enzymes at room temperature for
10 minutes, and fluorescence with 570 nm excitation and 600 nm emission was measured using
the BioTek Synergy Mx Microplate Reader. Human TrxR2 used in these assays was recombinantly

expressed and purified from E. coli, and the selenocysteine residue was mutated to cysteine.

2.3.6 Construction of mammalian expression plasmids

Oligos pcDNA3-TrxRFP2-F and pcDNA3-TrxRFP2-R (Table 2.1) were used to amplify
the TrxRFP2 gene from pBAD-TrxRFP2. The resultant product was inserted into a pcDNA3
vector predigested with Hind 111 and Xba | via Gibson Assembly.? To construct plasmids for
mitochondrial expression, the TrxRFP1 (or MtrxRFP2) gene was amplified with oligos pCS2-
Mito-F and pCS2-Mito-R1 (or pCS2-Mito-R2) (Table 2.1) from the corresponding pBAD
bacterial expression plasmids. The PCR products were inserted between Age | and Xba | of a
compatible pCS2+ vector, which contains tandem mitochondrial targeting signals derived from

cytochrome c oxidase subunit VIII.
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2.3.7 Mammalian cell culture, transfection, and live-cell imaging

HEK (human embryonic kidney) 293T and HeLa cells were cultured and transfected as
previously described.?* At 72 h post-transfection, cells in DPBS supplemented with 1 mM Ca?*, 1
mM Mg?* were imaged using a Leica DMi8 inverted microscope equipped with a Leica EL6000
light source, a TRITC filter cube (545/25 nm bandpass excitation and 605/70-nm bandpass
emission), and a Photometrics Prime 95B sCMOS camera. To study the time-lapse responses of
the transfected cells, auranofin (15 uM) was added to the abovementioned imaging buffer, and
images were acquired at the indicated intervals. To test the reversibility of the indicators in live
cells, additional DTT (10 mM) was added to cells that were pre-treated with auranofin (15 pM).
Images were analyzed using the ImageJ®® software. Background subtraction was performed by
setting the rolling ball radius to 50 pixels. Cells were randomly selected, and the intensity means
for regions of interest were extracted for further analysis. Fluorescence intensities at different time
points (F) were normalized to the value at t = 0 min (Fo), and the F/Fo ratios were plotted against

time.

2.4 Results and Discussion

2.4.1 Engineering and structural modeling of TrxRFP2, an enhanced TrxRFP1 variant

TrxRFP1 is a genetic fusion of hTrx1 and rxRFP1 via a 30-amino-acid Gly-Ser-rich
linker.2* Despite the initial probe being adequate for detecting the redox changes of Trx both in
vitro and in live mammalian cells, its responsiveness was not fully optimized. Therefore, we
performed seven rounds of error-prone PCR-based directed evolution on TrxRFP1. To screen for

candidates with better redox-indued fluorescence response, colonies from each library with
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medium to high fluorescence were selected, and crude protein extracts were screened for redox-
induced responsiveness. We carried out enzyme-based assays in 96-well plates. TPx1 and H.O>
were used to oxidize the proteins, while TrxR1 and NADPH were used to induce reduction.
Fluorescence intensities at the two states were quantified, and intensity ratios were derived. After
screening ~20,000 individual colonies on LB agar plates and testing ~700 clones as cell lysates,
we identified a promising mutant showing a larger fluorescence response than the parental
TrxRFP1. This mutant, named TrxRFP2 (Figure 2.1A), contains five mutations from TrxRFP1
(A18T, E56G, A66T, N93D, D248V). We compared the reduction and oxidation of TrxRFP1 and
TrxRFP2 using enzyme-based assays. Recombinant TrxR1 and NADPH were used to reduce the
oxidized proteins, while recombinant peroxiredoxin TPx1 and H>O, were used to oxidize the
reduced proteins. Within the first 60 s, the magnitudes of changes caused by reduction were ~3.0-
fold and ~4.2-fold for TrxRFP1 and TrxRFP2, respectively, while the oxidation reactions caused
fluorescence increases by ~3.5-fold and ~4.5-fold, respectively (Figure 2.1BC). The residual
oxygen in the reaction systems (e.g., pre-dissolved in the buffers or from the air during the
measurements) may impact the fluorescence changes and account for the discrepancies in the
response magnitudes during reduction and oxidation. Nevertheless, TrxRFP1 and TrxRFP2 were
compared in parallel during these experiments. We fitted the fluorescence responses using a
monoexponential decay or pseudo-first order association model. The half-time (tos) for TrxRFP2
reduction was determined to be 5.1 s while tos for TrxRFP1 reduction was 8.8 s. As for the
oxidation Kkinetics, tos values were 3.9 and 6.8 s for TrxRFP2 and TrxRFP1, respectively. In both
reduction and oxidation assays, TrxRFP2 showed faster kinetics and a more significant response

magnitude than TrxRFP1.
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Mutations and in vitro response kinetics of TrxRFP2.
thioredoxinl (hTrx1) are shaded in blue. The sequences derived from hTrx1 and rxRFP1 are

(A) Primary sequence alignment of TrxRFP1 and TrxRFP2. Residues mutated in TrxRFP2 via
directed evolution from TrxRFP1 are shaded in orange. The active-site cysteine residues in human
highlighted in blue and red boxes. The key cysteine residues in the rxRFP1 portion for reversible
disulfide formation are shaded in red. The unnumbered N-terminal residues (including the Hise
tag) were derived from the pBAD/His B vector. (BC) Comparison of oxidized (B) or reduced (C)
TrxRFP1 and TrxRFP2 in response to enzymatic reduction (10 uM TrxR1 + 200 uM NADPH)

Figure 2.1



and oxidation (20 uM TPx1 + 200 uM H20y). Fluorescence intensities were normalized to the
values at t = 0 min. Data represent mean + SD of three technical repeats. (D) TrxRFP2 structural
model built with ColabFold (AlphaFold2 using MMseqs2). Left panel: the overall 3-dimensional
model highlighting mutations (cyan), key cysteine residues (blue), and the interdomain floppy
linker (black). Right panels: local structures of the TrxRFP2 model (magenta) overlaid with the
Trx1 crystal structure (PDB: 3TRX) (cyan), highlighting newly formed H-bonds near A18T (top)
and A66T (bottom) mutations.
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Recently, artificial intelligence and deep learning have been successfully used to predict 3-
dimensional protein structures. AlphaFold2, one of the most advanced computational tools, is
known for its impressive accuracy.® We used ColabFold,*® which runs a simplified version of
AlphaFold2 by using a fast MMseqs23? search in the input feature generation stage, to predict the
structures of TrxRFP2. Five structures ranked by pTMscores (a computed parameter reflecting the
global modeling accuracy) were provided by the program. Among these structures, the folding of
the individual hTrx1 and rxRFP1 domains is almost identical, but the relative position of the two
domains varies. Within three of the five structures (including the one with the best pTMscore
shown in Figure 2.1D), the reactive cysteines in hTrx1 and rxRFP1 are closely positioned, likely
promoting the kinetic disulfide exchange between them. TrxRFP2 is different from TrxRFP1 with
five mutations. Although it is hard to pinpoint the contributions of each mutation to the enhanced
response kinetics of TrxRFP2, we speculate that the A18T and A66T mutations introduce
additional H-bonds into the hTrx1 fold (Figure 2.1D), thereby enhancing thermostability and
potentially affecting the redox reactions. In addition, E56G and N93D are close to the reactive
cysteines, possibly affecting local structural flexibility and the electrostatic environment. The
D248V mutation is within the rxRFP1 fold, and it seems to stabilize a short a-helix. Further studies

are needed to better delineate the roles of these mutations.

2.4.2 Chemical-induced redox response of TrxRFPs in HEK 293T cells

We next directly compared TrxRFP2 with TrxRFP1 in live mammalian cells. Both
indicators were transiently expressed in human embryonic kidney (HEK) 293T cells. Fluorescent
responses induced by oxidation-stimulating chemicals were examined. Auranofin is a selective

TrxR inhibitor.3* TrxRFP1 and TrxRFP2-expressing cells presented a notable fluorescent increase

79



when treated with 15 uM auranofin (Figure 2.2AB). Moreover, cells expressing TrxRFP2 showed
a more noticeable fluorescence increase, and the improvement of the dynamic range was ~1.75-
fold (Figure 2.2A-C). Of note, the auranofin treatment did not interrupt intracellular pH, as shown
previously.?* No significant change was observed in both TrxRFP1- and TrxRFP2-expressing cells
treated with a low-nanomolar concentration of 2-AAPA, a glutathione-reductase inhibitor (Figure
2.2C).%® Similarly, no apparent fluorescent responses were caused in both groups of cells after 16-
h incubation with 20 uM dimethyl fumarate (DMF),*® a GSH redox reagent involved in GSH
synthesis and GSH reductase upregulation (Figure 2.2C). The data suggest that both TrxRFP1
and TrxRFP2 do not respond to chemicals specifically disturbing the glutathione antioxidant
system and are specific indicators for the redox of the Trx system. Furthermore, TrxRFP2-
expressing cells pre-treated with auranofin reacted quickly with the further added reductant, DTT,
confirming the reversibility of TrxRFP2 in live mammalian cells (Figure 2.2D). We speculate that
several reasons may collectively contribute to the improved performance of TrxRFP2 relative to
TrxRFP1 in live cells. In addition to the increased response magnitude and Kinetics observed in
the previously presented biochemical assays, the mutations in TrxRFP2 may enhance its folding,

resulting in a larger portion of proteins in live cells responsive to the auranofin treatment.
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Figure 2.2 TrxRFPs in HEK 293T cells in response to oxidation-stimulating
chemicals.

(A) Time course of the responses of HEK 293T cells expressing TrxRFP1 (blue) or TrxRFP2
(orange) to auranofin (15 uM). Fluorescence intensities were normalized to the values of each cell
at t = 0 min. Data represent mean + SD of 15 cells from three technical repeats. (B) Time-lapse
pseudocolored fluorescence images (F/Fo) of HEK 293T cells expressing TrxRFP1 or TrxRFP2
treated with 15 uM auranofin. Scale bar, 50 um. (C) Comparison of fluorescence responses of
TrxRFP1 (blue bar) and TrxRFP2 (orange bar). Cells were treated with auranofin (15 uM), 2-
AAPA (100 nM), or DMF (20 uM) for 180 min. Fluorescence intensities were normalized to the
values at t = 0 min in their corresponding groups. Data represent mean + SD of 12 cells from three
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technical repeats. P values were determined by two-way ANOVA with Sidak’s multiple
comparisons test (****P < 0.0001; n.s, not significant, P > 0.05). (D) Sequential responses of
TrxRFP2 in HEK 293T to auranofin (15 uM) and DTT (10 mM). Fluorescence intensities were
normalized to the values at t = 0 min. Data represent mean £ SD of 9 cells from three technical
repeats.
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2.4.3 Development of MtrxRFP2, an indicator for the redox of mitochondrial Trx2

Trx1 and TrxR1 are primarily cytosolic. In contrast, Trx2 and TrxR2 are found in the
mitochondria of mammalian cells. We previously fused TrxRFP1 to a mitochondrial targeting
sequence (MTS) and successfully used Mito-TrxRFP1 to monitor compartmentalized Trx
oxidation. Although the result suggests that the mitochondrial Trx system can cross-react with
Trx1 in TrxRFP1, such reaction is likely not kinetically optimal. Using a sensor design strategy
similar to TrxRFP1, we genetically linked rxRFP1.1, which has a redox potential suitable for
mitochondria, to human Trx2, through a 30-amino-acid Gly-Ser-rich linker. We hypothesized that
within this configuration, the redox change of active Cys residues (C31 and C34) in Trx2 could be
coupled to the redox status of the inserted active cysteine pair at the C- and N-termini of rxRFP1.1.
Such disulfide exchange reaction could be kinetically preferred due to the close distance between
Trx2 and rxRFP1.1 in the fusion construct. As a result, the fluorescence of rxRFP1.1 becomes an
indicator for the Trx2 redox status. We named the TrxR2 and rxRFP1.1 fusion construct MtrxRFP2
and purified the protein for further characterization. The freshly purified MtrxRFP2, which was
oxidized by air, presented identical excitation and emission peaks at 575 nm and 600 nm as
rXRFP1.1 (Figure 2.3A). Dithiothreitol (DTT) reduced MtrxRFP2 quickly, leading to a 3.5-fold
fluorescence decrease (Figure 2.3A). Oxidized MtrxRFP2 showed minimal response to H20, and
GSH at millimolar concentrations (Figure 2.3B). In addition, MtrxRFP2 in the oxidized state
showed a robust, ~ 3.3-fold fluorescence decrease upon the addition of our purified TrxR2 with

NADPH as the co-factor (Figure 2.3B).
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Figure 2.3 In vitro characterization of purified MtrxRFP2.

(A) Excitation (solid line) and emission (dot line) spectra of MtrxRFP2 in oxidized (red) and
reduced (grey) states. (B) Fluorescence responses of MtrxRFP2 post 10-min incubation with: 1,
PBS; 2, 1 mM H202; 3, 1 mM GSH; 4, 20 uM purified TrxR2 + 400 uM NADPH. Data represent
mean + SD of three technical repeats. P values were determined by one-way ANOVA with
Dunnett’s multiple comparisons test (****P < 0.0001; n.s, not significant, P > 0.05).
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2.4.4 Chemical-induced Trx redox changes in the mitochondria of mammalian cells

We next subcellularly localized TrxRFP1 and MtrxRFP2 to the mitochondria to monitor
Trx redox changes. A tandem MTS was appended to the N-terminus of TrxRFP1 or MtrxRFP2
(Figure 2.4A). Expressing the constructs led to the successful localization of these probes in the
mitochondrial compartment of cultured human cervical cancer HelLa cells. When treating the cells
expressing mitochondrial TrxRFP1 or MtrxRFP2 with auranofin, the fluorescence intensity
increased gradually within the monitored 30-min period. In comparison, mitochondrial MtrxRFP2
presented a more robust fluorescence increase than mitochondrial TrxRFP1 (F/Fo, 140% versus
120%) and faster kinetics (Figure 2.4BC). These results indicate that MtrxRFP2 is a better
indicator than TrxRFP1 for monitoring Trx2 redox dynamic changes in the mitochondria of
mammalian cells. This property could result from the mitochondrial-specific sensory domain Trx2
and the fused RFP1.1, which are equipped with a redox potential more suitable for the
mitochondria environment. In addition, we examined the reversibility of mitochondrial MtrxRFP2
in HEK 293T cells. Fast reversed responses to DTT were observed in cells pre-oxidized with

auranofin (Figure 2.4D).
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Figure 2.4 Sequences and fluorescence response of mitochondrially localized
MtrxRFP2 and TrxRFP1 in mammalian cells.

(A) Domain arrangements and primary sequences of mitochondrial MtrxRFP2 and TrxRFP1. Top:
Mito-MtrxRFP2 highlighting the tandem MTS (orange box) and fragments derived from hTrx2
(magenta box) and rxRFP1.1 (crimson box). Bottom: Mito-TrxRFP1 highlighting the tandem MTS
(orange box) and fragments derived from hTrx1 (cyan box) and rxRFP1 (red box). (B) Time-lapse
pseudocolored fluorescence images (F/Fo) of HeLa cells expressing mitochondrial TrxRFP1 or
MtrxRFP2 treated with 15 uM auranofin. Scale bar, 20 um. (C) Time course of Mito-TrxRFP1 or
Mito-MtrxRFP2 fluorescence in HelLa cells treated with auranofin (15 pM). Fluorescence
intensities were normalized to the values of each cell at t = 0 min. Data represent mean + SD of 15
cells from three technical repeats. (D) Time course responses of MtrxRFP2 in HEK 293T to
auranofin (15 uM) and DTT (10 mM). Fluorescence intensities were normalized to the values of
each cell at t = 0 min. Data represent mean + SD of 10 cells from three technical repeats.
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2.5 Conclusion

Trx, as a thiol-dependent antioxidant protein, is essential for redox signaling and has been
linked to many pathological processes. We previously reported the first genetically encoded
biosensor, TrxRFP1. Based on our previous work, we have developed an improved indicator,
TrxRFP2, via random mutagenesis and enzyme-based screening. Compared to TrxRFP1, TrxRFP2
showed improved response kinetics and a greater fluorescence response to TrxR inhibition in
mammalian cells without appreciable cross-reaction to the GSH system. Due to its specificity and

improved dynamic range, TrxRFP2 is a better indicator for redox biology studies.

MtrxRFP2 was created by linking a redox-sensitive rxRFP1.1 and mitochondrial Trx
(Trx2). The proximity forced by the linker in the fusion construct indeed facilitated the disulfide
exchange between rxRFP1.1 and Trx2. MtrxRFP2 displayed a ~ 3.5-fold dynamic range. We
compared subcellularly localized MtrxRFP2 to TrxRFP1 for monitoring mitochondrial Trx redox
changes. MtrxRFP2-expressing cells showed larger and faster responses upon auranofin treatment
than TrxRFP1-expressing cells. Thus, although mitochondrially localized TrxRFP1 can detect the
dynamics of mitochondrial Trx redox, MtrxRFP2 derived from Trx2 is a more robust indicator for

monitoring Trx redox dynamics in mitochondria.
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Chapter 3 Development, Characterization, and Structural Analysis of a Genetically

Encoded Red Fluorescent Peroxynitrite Biosensor

This chapter is converted from a manuscript accepted by the journal of “ACS Chemical
Biology”. The author list are Yu Pang, Mian Huang, Yichong Fan, Hsien-Wei Yeh, Ying Xiong,
Ho Leung Ng,* and Hui-wang Ai*. Author contributions are H.A. and H.L.N. conceived and
supervised the project. Y.P. Y.F. and Y.X. engineered the biosensor, prepared proteins, and
characterized the biosensor and related variants. M.H. solved the crystal structures and performed
computational modeling. H.W.Y. and J.F.E. carried out the 'B-NMR experiment. H.A., Y.P.,
M.H., and H.L.N wrote the manuscript. The two authors (Y.P. and M.H.) contributed equally to

this work.

3.1 Abstract

Boronic acid-containing fluorescent molecules have been widely used to sense hydrogen
peroxide and peroxynitrite, which are important reactive oxygen and nitrogen species in biological
systems. However, it has been challenging to gain specificity. Our previous studies developed
genetically encoded, green fluorescent peroxynitrite biosensors by genetically incorporating a
boronic acid-containing noncanonical amino acid (ncAA), p-boronophenylalanine (pBoF), into the
chromophore of circularly permuted green fluorescent proteins (cpGFPs). In this work, we
introduced pBoF to amino acid residues spatially close to the chromophore of an enhanced
circularly permuted red fluorescent protein (ecpApple). Our effort has resulted in two responsive
ecpApple mutants: one be-stows reactivity toward both peroxynitrite and hydrogen peroxide,
while the other, namely pnRFP, is a selective red fluorescent peroxynitrite biosensor. We

characterized pnRFP in vitro and in live mammalian cells. We further studied the structure and
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sensing mechanism of pnRFP using X-ray crystallography, *'B-NMR, and computational methods.
The boron atom in pnRFP adopts an sp?-hybridization geometry in a hydrophobic pocket, and the
reaction of pnRFP with peroxynitrite generates a product with a twisted chromophore,
corroborating the observed “turn-off” fluores-cence response. Thus, this study extends the color
palette of genetically encoded peroxynitrite biosensors, provides insight into the response
mechanism of the new biosensor, and demonstrates the versatility of using protein scaffolds to

modulate chemoreactivity.

3.2 Introduction

Peroxynitrite (ONOQ") is a highly reactive molecule formed by the reaction between nitric
oxide (sNO) and superoxide anion (O2™) via a diffusion-controlled process.’ 2 The decomposition
of peroxynitrite can further produce secondary radicals.® #In biological systems, peroxynitrite and
its derived radicals act through direct or radical-mediated oxidation and nitration of biomolecules.>
8 In particular, tyrosine nitration, which is the most representative post-translational protein
modification caused by peroxynitrite, has been considered a maker of nitrosative stress.’
Peroxynitrite is thus recognized as an important pathogenic mediator for various diseases, such as
cardiovascular diseases, neurodegeneration, inflammation, and cancer.’%'? Additionally, low
levels of peroxynitrite may play signaling roles.*> 4 Furthermore, peroxynitrite has been identified
as a potent cytotoxic effector of macrophages, and due to its cell permeability, macrophage-

induced peroxynitrite can kill surrounding target cells or invading pathogens.® 16

To better understand the pathophysiology of peroxynitrite and develop related therapies, it
is crucial to track peroxynitrite in living systems.!” However, this is challenging due to

peroxynitrite's high reactivity, low steady-state concentration, and complex diffusion and reaction
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pathways in the cellular milieu. Fluorescent sensors have emerged as a promising approach for
peroxynitrite detection, as they are sensitive, provide good signal-to-background ratios, and can
be used with widely available fluorescence microscopy platforms.821 However, these sensors
often exhibit cross-reactivity with other reactive oxygen and nitrogen species (ROS/RNS), such as
hydroxyl radical (*OH), hypochlorite (CIO"), and hydrogen peroxide (H202). Developing specific

sensors for peroxynitrite remains a highly sought-after goal.

Fluorescent molecules containing boronic acid have been commonly used for detecting
hydrogen peroxide and peroxynitrite.?>?* However, it is difficult to differentiate between the two
using these molecules, because although arylboronic acid reacts with peroxynitrite more rapidly
than hydrogen peroxide, hydrogen peroxide is more prevalent and abundant in biological systems.
To address this issue, previous studies have created several boronic acid-based sensors that utilize
N-B interactions to convert boronic acid into an sp-hybridized boron species, which reduces
reactivity with hydrogen peroxide and increases specificity for peroxynitrite.'*2%-?7 In particular,
we previously created genetically encoded fluorescent peroxynitrite sensors, such as pnGFP and
pnGFP-Ultra, by introducing a noncanonical amino acid (ncAA), p-boronophenylalanine (pBoF),
into the chromophores of circularly permuted fluorescent proteins (cpFPs).2>?” We utilized a
genetic code expansion technology,?®-*? which involves the expression of an engineered orthogonal
tRNA and aminoacyl-tRNA synthetase pair, to incorporate ncAAs into proteins in a site-specific
manner. cpFPs were employed in our studies due to their more accessible chromophores than
fluorescent proteins (FPs) in the wild-type topology.?**® The peroxynitrite-induced oxidation of
boronic acid-derived chromophores generates tyrosine-derived phenolate chromophores (Figure
3.1A), resulting in drastic fluorescence turn-on responses. The genetic encodability of these

sensors makes them compatible with directed evolution for response and specificity
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optimization,?’ and it further allows for convenient dissemination and broad adaptation. In addition,
signal sequences can be used to readily express the sensors in subcellular localizations.®
Mechanistic studies suggest that the boron atoms in these sensors were converted to be sp*-
hybridized due to the N-B interaction with a nearby histidine residue through a polarized water

bridge, leading to high specificity that can differentiate peroxynitrite from hydrogen peroxide.?

Herein, we present the development, characterization, and structural analysis of a
genetically encoded red fluorescent peroxynitrite biosensor (pnRFP), which specifically detects
peroxynitrite in vitro and in mammalian cells. Instead of incorporating pBoF into the chromophore
of a circularly permuted red fluorescent protein (cpRFP), we replaced residues near the
chromophore with pBoF, allowing modulation of chromophore fluorescence through the boronic
acid oxidation reaction (Figure 3.1B). In addition, we studied the structures of pnRFP and relevant
mutants using biophysical and computational methods, gaining insight into the response

mechanism of this new sensor.
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Figure 3.1 Mechanisms of protein-based, noncanonical amino acid (ncAA)-
containing peroxynitrite biosensors

(A) Previous work (pnGFP and pnGFP-Ultra): pBoF was introduced to the chromophore of
pnGFP or pnGFP-Ultra, which could further react with peroxynitrite to form a tyrosine-derived
chromophore for enhanced fluorescence. (B) This work (pnRFP): pBoF is introduced to an amino
acid residue in proximity to the chromophore, and the reaction of pBoF with peroxynitrite forms
a tyrosine residue, which reduces fluorescence by bending the chromophore via hydrogen bonding.
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3.3 Methods and Materials

3.3.1 Sources of Key Reagents

The amino acid p-borono-DL-phenylalanine (pBoF) was purchased from Synthonix (Wake
Forest, NC). Synthetic DNA oligos were purchased from Integrated DNA Technologies
(Coralville, 1A). Restriction endonucleases or other molecular biology reagents were purchased
from Thermo Fisher Scientific (Waltham, MA) or New England Biolabs (Ipswich, MA). Plasmid
pCMV-R-GECO1 (Addgene plasmid # 32444) and pAcBac3 were gifts from Robert E. Campbell

(University of Alberta) and Abhishek Chatterjee (Boston College), respectively.3* %

3.3.2 Mutagenesis and Biosensor Engineering

The generation of ecpApple from R-GECO1 was described elsewhere.®® Next, overlap
extension polymerase chain reactions (PCRs) were used to introduce the TAG amber codon to
specific residue positions of ecpApple. To introduce the TAG codon to residue 14, oligos
ecpApple-S14TAG-F and cpRFP_R (Table 3.2) were first used to amplify a fragment from
ecpApple; next, oligos cpRFP_F and cpRFP_R were used to further amplify and extend the
fragment recovered from the previous reaction. The PCR product was then digested with Hind 111
and Xho | and ligated with a predigested, compatible pBAD vector. To introduce the TAG codon
to residue 30, oligos cpRFP_F and ecpApple-K30TAG-R, and ecpApple-K30TAG-F and
cpRFP_R were used in two separate PCRs to amplify two separate fragments from ecpApple. The
two fragments were used as templates in an overlap extension PCR with oligos cpRFP_F and
cpRFP_R. The full-length product was generated, digested with Hind I11 and Xho I, and inserted

into a pBAD vector. A similar procedure was used to derive other ecpApple mutants, and the
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sequences of the corresponding oligos are presented in Table 3.2. Ligation products were used to
transform Escherichia coli (E. coli) DH10B competent cell, which was next plated on LB agar
plates supplemented with ampicillin (100 pg/mL). Plasmids were minipreped from liquid cell
culture inoculated with single colonies, and the sequences of the variants were confirmed with

Sanger Sequencing (Eurofins Genomics, Louisville, KY).

3.3.3 Protein Purification and Characterization

The pBAD plasmid harboring the gene of each ecpApple mutant was used along with the
pEvol-pBoF plasmid®”* to co-transform E. coli DH10B cells, which were next grown on LB agar
plates supplemented with ampicillin (100 pg/mL), chloramphenicol (50 pg/mL), and L-arabinose
(0.02% w/v) at 37 °C overnight. A single colony was used to inoculate 2 x YT liquid culture with
100 pg/mL ampicillin and 50 pg/mL chloramphenicol. After growth overnight at 37 °C and 250
rpm, the saturated cell culture was diluted 100-fold with 2 x YT with 100 pg/mL ampicillin and
50 ug/mL chloramphenicol. When the optical density at 600 nm (ODeoo) reached 0.6, 0.2% (w/v)
L-arabinose and 2 mM racemic pBoF were added. Cells were grown at 30°C, 250 rpm for another
48 h, before being harvested by centrifugation and lysed by sonication. His-tagged proteins were
purified using Pierce Ni-NTA agarose beads according to the manufacturer’s instructions. The
buffer was switched to 1x phosphate-buffered saline (PBS, pH 7.4) via dialysis, and protein
concentrations were determined with Bradford assays. The preparation of other redox-active
species was performed as described,?® and 1x PBS was used to dilute proteins and reagents. To
record the fluorescence excitation spectra, the emission wavelength was set at 620 nm, and the
excitation was scanned from 450 to 600 nm. To record the emission spectra, the excitation was set

at 540 nm, and the emission was scanned from 560 to 700 nm. Other intensity measurements
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typically used 560 nm excitation and 610 nm emission. To examine responses to various redox-
active chemicals, protein stock solutions were diluted with 1x PBS to gain a final concentration of
1 uM. Individual redox-active molecules (5 pL) were added to proteins (95 uL) in individual wells
of a 96-well plate sitting on ice. The mixtures were moved to room temperature and incubated for
20 min before fluorescence recording. To examine time-dependent responses, 95 pL of the protein
in 1x PBS was mixed with 5 pL of each reagent, and the kinetics was monitored at room
temperature for 1 h. To test concentration-dependent responses, the pnRFP protein was mixed with
peroxynitrite or SIN-1 at the indicated concentrations in individual wells of a black 96-well plate.
The mixtures were incubated at room temperature for 1 h before end-point measurements were
performed. All fluorescence signals were recorded with a monochromator-based BioTek Synergy

Mx Microplate Reader.

3.3.4 Mammalian Expression and Live-Cell Imaging

To construct mammalian expression plasmids, oligos pnRFP_F and pnRFP_R were used
to amplify the gene fragment of pnRFP or pnRFP-B30Y from corresponding pBAD plasmids. The
resultant PCR product was digested with Hind 111 and Apa | and inserted into a predigested pMAH-
POLY plasmid. The resultant pMAH-pnRFP (Addgene plasmid # 201679) or pMAH-pnRFP-
B30Y (Addgene plasmid # 201823) plasmid was used along with pMAH-POLY-eRF1(E55D) to
co-transfect HEK 293T cells by following a described procedure.?® The pBoF amino acid was
added to the cell culture medium to a final concentration of 2 mM at 18 h after transfection. Next,
the culture was kept in a 37 °C, 5% COz incubator for another 48 h, before being transferred into
a fresh medium with no pBoF. Cells were imaged 16 h later in Dulbecco's phosphate-buffered

saline (DPBS) supplemented with 1 mM Ca?* and Mg?* on a Leica DMIi8 inverted fluorescence
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microscope. To express pnRFP in mouse RAW 264.7 macrophage cells, oligos pBac3-F and
pBac3-R were used to amplify the gene from pMAH-pnRFP, and the PCR product was inserted
into a compatible pAcBac3 vector predigested with Xho | and EcoR I, resulting in pAcBAC3-
POLY-pnRFP (Addgene plasmid # 201680). The control plasmid pAcBAC3-POLY- pnRFP-
B30Y was created similarly. RAW 264.7 cells were cultured in Dulbecco's modified Eagle
medium (DMEM) with GlutaMAX (Gibco) supplemented with 10% fetal bovine serum (FBS).
The pAcBAC3 (3 ug) plasmid was used to transfect RAW 264.7 cells by mixing the DNA with 6
ug of X-tremeGENE HP DNA Transfection Reagent (Roche) according to the manufacturer’s
instruction. At 20 h after transfection, 1 mM pBoF was added dropwise. After another 24 h, the
pBoF-containing medium was replaced with fresh DMEM with GlutaMAX and 10% FBS but no
pBoF. After pBoF depletion, RAW 264.7 cells were incubated with 1 pg/mL LPS and 100 ng/mL
IFN-y for 15 h. Next, the culture medium was replaced with a HEPES-buffered Hank's Balanced
Salt Solution (HBSS), and cells were treated with 100 nM/mL PMA and imaged on a Leica DMi8
inverted fluorescence microscope. A Leica EL6000 light source, a TRITC filter cube (545/25 nm
bandpass excitation and 605/70 nm bandpass emission), and a Photometrics Prime 95B sCMOS

camera were used for the imaging experiments.

3.3.5 Protein Crystallization and Structure Determination

The purified pnRFP (22 mg/mL) in 20 mM Tris (pH 8.0) was crystallized by sitting-drop
method with vapor diffusion against the crystallization reagent (0.1 M NaHPOs: citric acid pH
4.2, 40% (v/v) PEG 400). A liquid drop at pH 6.0 was prepared by mixing 0.6 uL of protein
solution with 0.6 pL of the crystallization reagent. It was equilibrated against 400 puL of the

crystallization reagent to accomplish crystallization. To obtain high-quality crystals, microseeding
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was applied under the same crystallization condition. The mutant pnRFP-B30Y was crystallized
at 8 mg/mL under the same process mentioned above without microseeding operation. X-ray
diffraction data for the pnRFP crystal was collected by the SIBYLS beamline of the Advanced
Light Source at Lawrence Berkeley National Lab, and the pnRFP-K30Y crystal was collected by
the beamline 23-ID-D of the Argonne Photon Source, Chicago. Both data were processed by X-
ray Detector Software (XDS)** and reduced by POINTLESS*’, AIMLESS*' and TRUNCATE*
in the CCP4 suite. Molecular replacement was applied to the reduced data with Phaser®’ for
building structure models. The models were then refined by Coot 0.8.9-pre EL** and Refmac5.4
Crystal structures of pnRFP and pnRFP-B30Y were performed via the PyMOL Molecular
Graphics System, Version 1.8 Schrodinger, LLC. The protein-ligand 2D interaction diagrams were
built via LigPlot+ version 1.4.5.¢ The RMSD between the structures was calculated by

YASARA.Y

3.3.6 B-NMR Characterization

The pnRFP protein was purified as described above, concentrated using Amicon Ultra
Centrifugal Filter Units (3000 Da cutoff), and exchanged into 20 mM phosphate (pH 7.4, D20 (v):
H20 (v) = 1:1) to final concentrations of 15.6 mg/mL. The !B NMR spectra were acquired on a
Varian VNMRS 600 spectrometer operating at 192.439 MHz using a 5 mm AutoXDB probe.
Samples were placed in quartz NMR tubes. The protein spectra were collected with single pulse
excitation (45-degree pulses were used, 90-degree pulse width = 13 ps). The sweep width was 200
ppm and the total acquisition time was 24 h (scan = 1.4 million, delay before pulse = 10 ms, single
FID acquisition time =52 ms). To further remove background signal, back linear prediction within

the MestReNova software was used (Method = Toeplitz, COEF = 32, Base points = 256, from 0
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to 46). Data were then processed in the normal manner with 100 Hz line broadening applied.
Chemical shifts were referenced to external 15% boron trifluoride etherate in CDCls (BF3-Et20, 6
= 0 ppm). For standard comparisons, we recorded *B NMR spectra for both phenylboronic acid
(20 mM) in the 20 mM phosphate buffer (pH 7.4, D20 (v): H20 (v) = 1:1), and phenylboronic acid

(20 mM) in 1N NaOH aqueous solution (D20 (v): H20 (v) = 1:1).

3.3.7 Computational Modelling

The crystal structure of pnRFP was used as a template. At position 30, BoF was substituted
by Lys with an extended side-chain conformation toward the phenyl ring of NRQ. At position 14,
Ser was substituted by BoF. BoF was adjusted in Coot to adopt a conformation with the side chain
buried in the barrel. The homology model was further conformationally adjusted by MD
simulations The model was then subjected to a 131-ns length MD simulation with the AMBER14
force field in YASARA version 19.12.14.1L..64. The system was performed with explicit solvent in
a cube box with a 60.83-A side length, containing 6,437 water molecules. The default parameter
settings were used in the MD run with the pressure at 1 bar, a temperature of 298 K, pH 7.4, 1-fs
time steps, and snapshots taken at every 100-ps interval. The trajectory was analyzed, and the
simulated model was considered in the equilibrium state. The partial atomic charges assigned to

boron and other atoms were calculated by the AM1 semi-empirical methods.*®

3.4 Results

3.4.1 Engineering of pnRFP

To expand the color palette of genetically encoded peroxynitrite biosensors, we sought to

introduce pBoF into cpRFPs. We selected cpmApple, a cpRFP variant previously used in the
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development of other biosensors,® ° as the starting scaffold. Next, we used error-prone
polymerase chain reactions (EP-PCRs) to randomize cpmApple. Screening the libraries for
increased brightness at 37 °C led to the identification of an enhanced cpmApple mutant (ecpApple),
which is three mutations (S9G, E135K, and M206V) away from cpmApple (Figure 3.2).% Next,
taking inspiration from pnGFP and pnGFP-Ultra, we introduced pBoF to the chromophore-
forming tyrosine residue of ecpApple via genetic code expansion. The codon of residue 176 of
ecpApple was mutated to TAG (amber codon), and an amber suppression plasmid, pEvol-pBoF,
which expresses orthogonal, pBoF-specific tRNA and aminoacyl-tRNA synthetase in E. coli, was
used to incorporate pBoF in response to the amber codon.®’:*8 Unfortunately, our prepared protein
(ecpApple-Y176B) did not show robust fluorescence responses to peroxynitrite. After mixing
peroxynitrite with ecpApple-Y176B, we observed a very slow development of red fluorescence.
Because the chromophore maturation of red fluorescent proteins (RFPs) has to undergo a more
complex process than green fluorescent proteins (GFPs),>® we reasoned that the introduction of
pBoF to residue 176 of ecpApple disrupted the formation of a mature chromophore. We further
performed random mutagenesis on ecpApple-Y176B but were unable to identify any improved

mutants.
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Figure 3.2 Sequence alignment of pnRFP with several relevant variants.
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Shaded in yellow are mutations in ecpApple obtained through directed evolution from the
circularly permuted RFP fragment in R-GECOL. Shaded in blue is residue 30 in pnRFP or pnRFP-
B30Y, and B denotes pBoF. Shaded in orange are other residues in ecpApple examined for the
genetic incorporation of pBoF in this study. Highlighted in the black box are residues 175-177,

which are responsible for the formation of the chromophore in each protein.
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Because the fluorescence of FP chromophores is sensitive to the surrounding environment,
we next investigated the possibility of replacing residues near the chromophore of ecpApple with
pBoF. We selected residues 14, 28, 30, 48 and 66 (Figure 3.3A) and introduced pBoF to each of
these residues. The variants were expressed and purified from E. coli and tested for fluorescence
responses to 100 uM peroxynitrite (Figure 3.4A). To our delight, two of these variants, including
ecpApple-S14B and ecpApple-K30B, showed turn-on and turn-off responses, respectively. The
results suggest that the peroxynitrite-induced oxidation of the two residues, which are spatially
close to the phenolate of the chromophore (Figure 3.3B), can modulate the fluorescence of the

chromophore.

We further tested ecpApple-S14B and ecpApple-K30B in response to hydrogen peroxide.
The fluorescence of ecpApple-S14B was sensitive to micromolar hydrogen peroxide, and 100 uM
hydrogen peroxide increased the fluorescence of ecpApple-S14B similarly to 100 puM
peroxynitrite (Figure 3.5). In contrast, the fluorescence of ecpApple-K30B was unaffected by 1
mM hydrogen peroxide (Figure 3.4B). Due to the selectivity of ecpApple-K30B toward
peroxynitrite, we named this mutant “pnRFP”. Furthermore, we constructed a pnRFP-B30Y
mutant (equivalent to ecpApple-K30Y, Figure 3.2), which is the expected major oxidation product
of pnRFP (Figure 3.1A). pnRFP-B30Y was unresponsive to peroxynitrite (Figure 3.4A),
confirming that the quenching of pnRFP by peroxynitrite was indeed caused by the reaction

between the pBoF30 residue and peroxynitrite.
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Figure 3.3 lllustration of residues in cpmApple targeted for site-specific
incorporation of pBoF.

(A) Presented in green sticks are residues 14, 28, 30, 48, and 66. The chromophore is shown in
magenta balls. (B) A detailed illustration of residues 14 and 30 (green sticks) in relation to the
chromophore (magenta sticks). H-bonds between them are presented as yellow dashes. These
graphs were generated based on the X-ray crystal structure of R-GECOL1 (Protein Data Bank (PDB)
entry 412Y).
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Figure 3.4 In vitro characterization of pnRFP and relevant mutants.

(A) Relative fluorescence intensities of pnRFP and other relevant variants (1, ecpApple; 2,
ecpApple-S14B; 3, ecpApple-128B; 4, pnRFP (a.k.a. ecpApple-K30B); 5, ecpApple-Y48B; 6,
ecpApple-L66B; and 7, pnRFP-B30Y (a.k.a. ecpApple-K30Y) before (red) and after (blue)
treatment with 100 uM peroxynitrite. (B) Fluorescence responses of pnRFP after 20-min
incubation with a series of redox-active chemicals: 1, PBS; 2, 5 mM GSH; 3, 5 mM L-cysteine; 4,
1 mM DTT; 5, 1 mM H202; 6,300 uM O2"; 7, 100 uM NaHS (H2S donor); 8, 100 uM CIO™; 9, 1
mM Fe?* + 100 uM H20; (generation of *OH); 10, 5 mM GSSG; 11, 5 uM ONOO; 12, 100 pM
ONOQO'". (C) Excitation (dash line) and emission (solid line) spectra of pnRFP before (red) and
after (blue) reaction with 100 uM ONOO". (D) Time-dependent responses of pnRFP to 100 uM
ONOO™ (blue), 10 mM SIN-1 (magenta), and 100 uM H2O: (red). (E) Dose-dependent response
of pnRFP (1 uM) to ONOQO™ at indicated concentrations. (F) Dose-dependent response of pnRFP
(1 uM) to SIN-1 at indicated concentrations. The incubation was 1 h at room temperature.
Represented spectra are shown in panel ¢, and data in all other panels are presented as mean + s.d.
of triplicates.
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Figure 3.5 Fluorescence responses of ecpApple-S14B.

(A) Fluorescence increases of ecpApple-S14B after incubation with the indicated concentrations
of hydrogen peroxide for 20 min, showing the sensitivity of ecpApple-S14B to micromolar
hydrogen peroxide. (B) Comparison of the responses of ecpApple-S14B to 100 UM peroxynitrite
or 100 uM hydrogen peroxide. Data are presented as mean + s.d. of three technical replicates.

107



3.4.2 Further Characterization of pnRFP In Vitro

We examined the specificity of pnRFP against an expanded panel of redox-active
molecules involved in cellular redox signaling. At physiologically relevant concentrations, only
peroxynitrite caused notable fluorescence changes (Figure 3.4B), further confirming that pnRFP
is a specific peroxynitrite sensor. pnRFP emitted strong red fluorescence with the excitation and
emission peaks at 572 and 594 nm, respectively (Figure 3.4C). After reacting with peroxynitrite,
its fluorescence decreased by about 5-fold. The reaction between pnRFP and peroxynitrite
completed quickly, while a prolonged incubation of pnRFP with hydrogen peroxide did not cause
notable fluorescence changes (Figure 3.4D). In addition, the incubation of pnRFP with SIN-1 (3-
morpholinosydnonimine), a slow peroxynitrite-releasing molecule,® led to a time-dependent
fluorescence decrease (Figure 3.4D). Furthermore, we mixed pnRFP with various concentrations
of peroxynitrite or SIN-1, and the induced fluorescence changes were concentration-dependent
(Figure 3.4 E, F). In particular, pnRFP was quite sensitive to peroxynitrite, and the response was
saturated by ~5 UM peroxynitrite. A linear response was observed in the low micromolar
concentration range (< 5 uM) with a limit of detection (LOD) of ~225 nM. The linear response
range of pnRFP for SIN-1 was in the low millimolar range (< 2 mM). Collectively, the results

suggest that pnRFP is a specific and sensitive red fluorescent peroxynitrite sensor.

3.4.3 Use of pnRFP to Image Peroxynitrite in Live Mammalian Cells

To examine whether pnRFP could image peroxynitrite in mammalian cells, we co-
transfected human embryonic kidney (HEK) 293T cells with our constructed mammalian
expression plasmid pMAH-pnRFP (Figure 3.6A), in addition to pMAH-POLY-eRF1(E55D)

which expresses an orthogonal tRNA and aminoacyl-tRNA synthetase pair and a translation
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release factor mutant for efficient genetic encoding of pBoF in mammalian cells (Figure 3.6B).%

27

Cells were treated with the peroxynitrite donor SIN-1, and the fluorescence of pnRFP-
expressing cells decreased as peroxynitrite was generated, causing a 22% (AF/Fo) fluorescence
decay within the monitoring period (Figure 3.7A-C). pnRFP-B30Y, whose fluorescence is
insensitive to peroxynitrite, was expressed as a negative control. HEK 293T cells expressing
pnRFP-B30Y showed negligible fluorescence changes under the SIN-1 treatment. Next, we
expressed pnRFP in mouse RAW 264.7 macrophage cells. A plasmid (pAcBAC3-POLY-pnRFP,
Figure 3.6C) containing the genes for pnRFP, the engineered aminoacyl-tRNA synthetase, and 20
copies of the amber suppression tRNA was used to boost protein expression.3® After transfection
and pnRFP expression, RAW 264.7 cells were pre-treated with lipopolysaccharide (LPS) and
interferon-y (IFN-y) to induce the expression of nitric oxide synthase. Next, phorbol 12-myristate
13-acetate (PMA) was added to activate NADPH oxidase, and cells were imaged simultaneously.
We observed a 20% (AF/Fo) fluorescence turn-off response in these activated pnRFP-expressing
cells, while cells expressing the negative control, pnRFP-B30Y, showed no obvious fluorescence
change (Figure 3.7D-F). Collectively, these results confirm that pnRFP is a reliable biosensor for
monitoring chemically induced and physiologically relevant peroxynitrite generation in live

mammalian cells.
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Figure 3.6 lllustration of main genetic elements of the indicated plasmids.

(A) Plasmid maps for pMAH-pnRFP (a), pP(MAH-POLY-eRF1(E55D) (B), and pAcBAC3-POLY-
pnRFP (C). H1 and U6 are promoters to drive the expression of the amber suppression tRNAs.
CMV, CAG and UBC are promoters to drive the expression of the orthogonal aminoacyl-tRNA
synthetase (Poly-aaRS), the pnRFP sensor, or a release factor mutant (eRF1(E55D)) that competes
with endogenous eRF1 to reduce amber codon termination. pAcBAC3 was initially designed for
packing baculovirus, but this study uses it as a plasmid vector for transient transfection.
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Figure 3.7 Imaging peroxynitrite in mammalian cells using pnRFP

(A) Representative pseudocolored fluorescence images of pnRFP- or pnRFP-B30Y-expressing
HEK 293T cells in response to SIN-1 (1 mM). Images were taken at 10 and 150 min. Scale bar,
10 um. (B) Time-lapse quantitation of fluorescence changes of HEK 293T cells expressing either
pnRFP (red) or pnRFP-B30Y (black) in response to SIN-1. Intensities were normalized to the
fluorescence signal of each cell at t = 0 min. The arrow indicates the time point for SIN-1 addition.
(C) Comparison of total intensity changes for HEK 293T cells expressing pnRFP (red) or pnRFP-
B30Y (black). Data represent mean + s.e.m. of nine cells from three technical repeats in each group
(***P < 0.001, unpaired two-tailed t-test). (D) Representative pseudocolored fluorescence images
of pnRFP- or pnRFP-B30Y-expressing RAW 264.7 cells in response to PMA (100 nM/mL).
Images were taken at 5- and 40-min. Scale bar, 10 um. (E) Time-lapse quantitation of fluorescence
changes of RAW 264.7 cells expressing either pnRFP (red) or pnRFP-B30Y (black) in response
to treatment of PMA followed 15 h incubation in LPS/IFN y. Intensities were normalized to the
fluorescence signal of each cell at t = 0 min. The arrow indicates the time point for PMA addition.
(F) Comparison of total intensity changes for RAW 264.7 cells expressing pnRFP (red) or pnRFP-
B30Y (black). Data represent mean + s.e.m. of three cells from three technical repeats (**P < 0.01,
unpaired two-tailed t-test).
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3.4.4 Structural and Mechanistic Analysis

To gain more insights into the sensing mechanism of pnRFP, we obtained the monomeric
crystal structure of pnRFP (PDB 7LQO) to a 2.10-A resolution through X-ray crystallography
(Table 3.1). The structure displayed the typical architecture of an FP, in which a chromophore was
surrounded by an 11-p-strand barrel (Figure 3.8A). In the crystal structure, the chromophore
(denoted as NRQ176) formed from M175, Y176, and G177 (Figure 3.2) perfectly fitted in the
2Fo-Fc electron density map, indicating a clear cis conformation (Figure 3.9). Its approximately
planar conformation was stabilized by the joint effects of hydrogen bonds and hydrophobic
interactions (Figure 3.8B). Two carbonyl oxygen atoms on the backbone and the imidazole ring
of NRQ176 contacted with Q173, K179, R204, Q218, and S220 via direct or water-mediated
hydrogen bonds. In the meantime, other surrounding residues, including pBoF30, hydrophobically

interacted with NRQ176.
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Figure 3.8 Structural analysis of pnRFP.

(A) Side (left) and top (right) views of the X-ray crystal structure of pnRFP at a 2.10 A resolution
(PDB 7LQO). (B) Interactions of the chromophore (NRQ176, purple) of pnRFP with surrounding
residues through hydrogen bonds (green dash lines) and hydrophobic effects (red scattered lines).
The conformation of the phenolic ring of the chromophore is stabilized by hydrophobic
interactions with the surrounding residues, including pBoF30. (C) Interactions of pBoF30 in
pnRFP with surrounding residues through hydrogen bonds (green dash lines) and hydrophobic
effects (red scattered lines). (D) 1'B-NMR spectra (from top to bottom: pnRFP, phenylboronic acid,
and phenylboronic acid in 1 M NaOH), confirming an sp-hybridized boron atom in pnRFP. (E)
Interactions of the chromophore (NRQ176, purple) of the pnRFP-B30Y mutant (1.95 A resolution,
PDB ID 7LUG) with the surrounding residues, showing new hydrogen bonds including one
between the phenolic ring of the chromophore and Tyr30. (F) Overlay of the structures of pnRFP
(green) and the pnRFP-B30Y mutant (orange), highlighting out-of-plane distortion of the
chromophore in pnRFP-B30Y.
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Figure 3.9 Fitting of the chromophore of pnRFP in the 2Fo-Fc electron density
map at 1.0c.

The chromophore adopts a clear cis conformation.
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Resolution range (A)
Total reflections
Unique reflections
Completeness (%)
1/5 (1)

Rmerge (%)

CC(1/2)

Refinement

Resolution range (A)

No. of Reflections

No. of non-hydrogen atoms
No. of waters

Rwork/ Riree

RMS bond length (A)
RMS bond angles (°)
Average B value (A?)

Ramachandran plot
Favored (%)
Allowed (%)
Outliers (%)

41.81-2.10 (2.16 - 2.10)

50624 (2135)
13553 (831)
94.9 (70.3)
13.3 (1.78)
0.052 (0.433)
0.998 (0.805)
41.81-2.10
12873

1933

51
0.188/0.254
0.0080

1571

38.0

97.79

2.21

0.00

Tab!e 3.1 X-ray crystallography data collection and structure refinement
statistics.
pPnRFP pnRFP-B30Y
PDB 7LQO PDB 7LUG
Data collection
Space group Ci121 Cl21
Unit cell dimensions
a, b, c(A) 84.20, 34.57, 88.81 84.28, 34.11, 89.22
A, B,y (°) 90.00, 110.90, 90.00 90.00, 110.79, 90.00

41.85 - 1.95 (2.00 - 1.95)
62455 (4587)

17539 (1245)

99.2 (99.5)

10.8 (2.57)

0.058 (0.445)

0.998 (0.814)

41.85-1.95
16652

1903

65
0.189/0.212
0.0050
1.531

34.0

99.11
0.89
0.00
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The conformation of pBoF30 was described by the 2Fo-Fc electron density map at 1.0 o
(Figure 3.10A). To further confirm the conformation of the dihydroxyl boron portion, we replaced
pBoF with Phe in the model by Coot* and recalculated electron density maps by Refmac5.%° The
positive Fo-Fc difference density appeared in the map (shown as an orange meshed bubble in
Figure 3.10B), suggesting that we initially assigned the correct pose to pBoF30. The boron atom
in pnRFP seemed to be sp?-hybridized, and the backbone of pBoF30 was stabilized through
hydrogen bonding to A42, while the conformation of the benzene ring and the slightly twisted
boronic acid head appeared to be an outcome of the hydrophobic interaction with the chromophore

(NRQ176) and other residues (Figure 3.8C).

We further performed 'B-NMR spectroscopy to confirm that the sp?-hybridized boron in
pnRFP was not an artifact caused by crystallization. The recorded spectrum of the purified pnRFP
protein displayed a single peak at 24.39 ppm (Figure 3.8D). We also recorded the 'B-NMR
spectra of phenylboronic acid and phenylboronic acid in 1 M NaOH. A single sharp peak of sp?-
hybridized boron (free phenylboronic acid) was observed at 28.53 ppm, while sp*-hybridized
boron (phenyl boronate anion) showed a peak at 2.78 ppm. Thus, the *!B-NMR spectra also support

that the boron atom in pnRFP is sp?-hybridized, corroborating the X-ray crystallography result.
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Figure 3.10 Conformation analysis of pBoF30 in pnRFP

(A) The 2Fo-Fc electron density map (grey mesh) well describes pBoF30 at 1.0 . (B) After
substituting pBoF with Phe, a positive Fo-Fc difference electron density map (orange) was shown
on the top of Phe at 3.0 5, demonstrating a missing portion of the residue.
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Next, we crystalized pnRFP-B30Y (a.k.a. ecpApple-K30Y;; see Figure 3.2), which is the
expected major oxidation product of pnRFP. The crystallization condition was identical to that
used for pnRFP. The structure of pnRFP-B30Y, which was refined to a 1.95-A resolution (PDB
7LUG), could superimpose on pnRFP with a 0.75 A RMSD across Ca carbon atoms, showing a
high degree of conformational similarity between the two proteins. In pnRFP-B30Y, two carbonyl
oxygen atoms of the chromophore (NRQ176) connected to the surrounding residues through an
almost identical hydrogen bonding network (Figure 3.8E). Meanwhile, two additional hydrogen
bonds were formed between Y30 and the oxygen on the phenolic ring of the chromophore, and
between Q82 and a nitrogen atom on the imidazole ring of the chromophore (Figure 3.8E). Three
hydrogen bonds on the imidazole ring could limit the dynamics of the chromophore in space, while
the phenolic rings of Y30 and the chromophore shifted closer to each other due to the new
hydrogen bond between them. The combined forces disfavored the maintenance of the co-planar
conformation of the chromophore. Subsequently, the bending of the chromophore (Figure 3.8F)
reduced the conjugation effect through the m system, thereby leading to the diminished
fluorescence of pnRFP-B30Y compared to pnRFP. Together, the structural results explain how

peroxynitrite turns off the fluorescence of pnRFP.

Finally, we built a homology model for ecpApple-S14B, which was responsive to both
peroxynitrite and hydrogen peroxide (Figure 3.5). We used the pnRFP structure (PDB 7LQO) as
the scaffold and substituted pBoF30 with K with an extended side-chain conformation toward the
phenolic ring of the chromophore. We also substituted S14 with pBoF in Coot* with the side chain
buried in the B-barrel. Next, the model was then subjected to a 131-ns length molecular dynamics
(MD) simulation with the AMBER14 force field in YASARA (Figure 3.11).#" %2 The average

model indicated the dominant conformations of residues during the simulation, so we used it for
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further analysis. In this model (Figure 3.12), ecpApple-S14B well maintained a typical B-barrel
structure resembling other FPs. Also, pBoF 14 n-stacks with the phenolic ring of the chromophore,
and K30 interacts with the backbone of pBoF14 through a hydrogen bond. E82 further interacts
with the hydroxyl group of pBoF14 through hydrogen bonding. Compared with pBoF30 in pnRFP
(Figure 3.8C), the boronic acid-head group of pBoF14 in ecpApple-S14B stays in a more
hydrophilic pocket (Figure 3.12 and Figure 3.13), which favors the polarization of the group.
Moreover, the negative charge carried by E82 drives electrons to move from pBoF14 to E82
through the hydrogen bond. We further used the AM1 semi-empirical method in YASARA to
assign charges to the boron atoms, and the charges of the boron atoms in pnRFP and ecpApple-
S14B were +0.3562 and +0.4998, respectively, supporting that that boron in pnRFP is less
positively charged. Since the oxidation of phenylboronic acid started with the nucleophilic attack
by anionic species (e.g., ONOO~ or HOO"),? the result is aligned with the observed, much-reduced
reactivity of pnRFP, compared to ecpApple-S14B, with HOO™. Meanwhile, because ONOO™ is
more electronegative than HOO~, ONOO can still retain good reactivity with pnRFP. Overall, the
modeling results further confirm that protein scaffolds can offer unique local environments to

modulate the reactivity of boronic acid.
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Figure 3.11 MD simulation trajectory of ecpApple-S14B under the AMBER14
force field in YASARA.

The trajectory indicates that the simulated model was in the equilibrium state.
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NRQ176

pBoF14 Glu82

Figure 3.12 Computational modeling of ecpApple-S14B.

Lys30

ecpApple-S14B (model)
pnRFP (crystal structure)

(A) Overlay of the pnRFP crystal structure (green) and the model structure of ecpApple-S14B
(magenta), highlighting the locations of pBoF30 and pBoF14 in relation to the chromophores. (B)
Model structure of ecpApple-S14B, highlighting interactions (hydrogen bonds and n-w stacking)
with pBoF14.
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Figure 3.13 Hydrophobicity and electrostatic potentials of residues surrounding
pBoF in pnRFP (A, B) and ecpApple-S14B (C, D).

In panels a and ¢, hydrophobicity surface was mapped according to the hydrophobicity scale of
Kyte and Doolittle® and colored from cyan for the most hydrophilic, to white, to deep sand for
the most hydrophobic. In panels b and d, electrostatic potentials of the surrounding residues were
calculated by Coulomb’s law®*, and the surface was colored with the calculated values from blue
for the most positive potential, to white, to red for the most negative potential. Compared with
pBoF30 in pnRFP, the boronic acid-head group of pBoF14 in ecpApple-S14B is in a more
hydrophilic and more negatively charged environment. The surface coloring and visualization of
the models were achieved with ChimeraX®®.

3.5 Discussion

Starting from a cpRFP mutant, we developed a genetically encoded red fluorescent
peroxynitrite biosensor (pnRFP) by site-specifically introducing a boronic acid-containing ncAA

into a residue close to the chromophore. This effort expands not only the color of genetically
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encoded peroxynitrite biosensors from green to red but also how ncAA-base FP biosensors could
be designed. In addition to directly using ncAAs to modify the chromophores of FPs 33 56-58
modifying chromophore-surrounding residues with ncAAs has now proven to be another viable

strategy for developing ncAA-base FP biosensors.

pnRFP were discovered from site-directed mutagenesis of a cpRFP mutant derived from
the Ca?* sensor, R-GECO1.3* We introduced pBoF to several residues around the chromophore
and gained responsive mutants at two locations (residues 14 and 30). This observation is not
surprising, since these two residues have strong effects on the fluorescence of the chromophore.
The crystal structure of R-GECO1 at the Ca?*-bound state was solved previously (PDB 412Y).%
The K78 residue of R-GECOL1 (equivalent to residue 30 in ecpApple or pnRFP) forms an ionic
interaction with the phenolated oxygen of the chromophore, while S62 (equivalent to residue 14

in ecpApple or pnRFP) further stabilizes this interaction via a hydrogen bond (Figure 3.3B).

In pnRFP-B30Y, a hydrogen bond is formed between Y30 and the phenolated oxygen of
the chromophore. A similar hydrogen bond exists between K78 and the chromophore of R-GECO1
at the Ca?*-bound state. However, the location of Y30 of pnRFP-B30Y has been shifted from that
of K78 in R-GECO1 (Figure 3.14). The outcome is that K78 helps to maintain a largely co-planar
conformation of the chromophore of R-GECO1, while Y30 contributes to bending the
chromophore of pnRFP-B30Y. Therefore, R-GECO1 at the Ca?*-bound state is quite fluorescent,

while pnRFP-B30Y shows reduced fluorescence.
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Figure 3.14 Overlay of the crystal structures of R-GECOL1 (cyan) and pnRFP-
B30Y (pink/magenta).

The locations of Lys78 of R-GECOL1 and Tyr30 of pnRFP-B30Y in relation to the chromophores
are highlighted.
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Normally, arylboronic acid can be oxidized by both hydrogen peroxide and peroxynitrite
to generate the phenol product. Previous studies used N-B interactions to generate sp3-hybridized
boron species for enhanced specificity toward peroxynitrite.® 2527 This study derived pnRFP,
which still has an sp-hybridized boron atom, as confirmed by the X-ray crystal structure and *!B-
NMR spectra (Figure 3.8). Although further research is still needed to pinpoint the mechanism,
our results here indicate that hydrophobicity and hydrogen bonding patterns in the local
environment and the charge distribution of the boron atom may be factors contributing to the high
specificity of pnRFP. Collectively, pnRFP and ecpApple-S14B, as well as pnGFP and pnGFP-
Ultra, offer a series of examples that demonstrate the versatility of using protein scaffolds to tune

chemoselectivity.

Peroxynitrite reacts rapidly with carbon dioxide (CO2) to form nitrosoperoxycarbonate
(ONOOCO;"),%® which may be a competitive pathway for the reaction between peroxynitrite and
the pnRFP sensor. In this study, we imaged live cells in either PBS (which does not contain HCO3")
or HBSS (which contains 4 mM HCO3") and observed peroxynitrite-induced fluorescence changes
of pnRFP. These results are consistent with a previous study on the reaction between peroxynitrite
and a synthetic boronate,*! indicating that while CO, or HCO3~ may negatively affect the response
of the pnRFP sensor, the boronic acid-containing sensor still displays adequate reactivity to detect

peroxynitrite even in the presence of millimolar HCO3".

This study has several limitations regarding its methodology and results. First, predicting
the outcome of replacing residues near the chromophore is a challenging task. Several ecpApple
mutants tested in this study, except for pnRFP and ecpApple-S14B, were found to be
nonresponsive. Furthermore, ecpApple-S14B exhibited turn-on responses to both peroxynitrite

and hydrogen peroxide, while pnRFP showed a specific turn-off response to peroxynitrite. These

125



results could not be rationally predicted beforehand. It is also worth noting that pnRFP is a turn-
off sensor, which makes it more susceptible to artifacts than fluorescence turn-on sensors. We
recommend future users to carefully control the photobleaching factor and use the negative control

(pnRFP-B30Y) in parallel.

In summary, we have developed a genetically encoded red fluorescent peroxynitrite
biosensor and characterized it in vitro and for imaging chemically induced and physiologically
relevant peroxynitrite generation in live mammalian cells. We further used structural, biophysical,
and computational methods to study the response mechanism of this new sensor. Our results may

provide inspiration to further biosensor development and the turning of chemoreactivity.
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Table 3.2

The sequences of oligos used in this work.

Oligo Name Sequence (5'—3")
cpRFP_F GGAATTAACCATGGGCTCGAGAATAGGTCGGCTGGGCTCA
cpRFP_R TCCGCCAAAACAGCCAAGCTTAATGATGGTGGTGATGGTG

ecpApple-S14TAG-F

ATAGGTCGGCTGGGCTCACCCGTAGTTTAGGAGCGGATGT
ACCCCGAGG

ecpApple-I128TAG-F

GCGAGTAGAAGAAGGGGCTGAGGCTGAA

ecpApple-I128TAG-R

CAGCCCCTTCTTCTACTCGCTCTTCAG

ecpApple-K30TAG-F

GCGAGATCAAGTAGGGGCTGAGGCTGAA

ecpApple-K30TAG-R

CAGCCCCTACTTGATCTCGCTCTTCA

ecpApple-Y48TAG-F

CCTAGAAGGCCAAGAAGCCCGTGCAGCTGCCCGGC

ecpApple-Y48TAG-R

GGGCTTCTTGGCCTTCTAGGTGGTCTTGAC

ecpApple-L66TAG-F

ATCAAGTAGGACATCGTGTCCCACAAC

ecpApple-L66TAG-R

GTGGGACACGATGTCCTACTTGATGTCGACGATGTA

ecpApple-Y176TAG-F

TCCCCTCAGTTCATGTAGGGCTCCAAGGCCTACATT

ecpApple-Y176TAG-R

GGAGCCCTACATGAACTGAGGGGACAGGATGTC

pnRFP_F CCAGGTCCAACTGCACGGAAGCTTGCCACCATGGATAGGT
CGGCTGGGCTC

pnRFP_R TCAGCGGGTTTAAACGGGCCCTTAATGATGGTGGTGATGG
TGTTGGTCACGCGTAGCC

pBac3-F GGAGGCCACCATGGGCTCGAGAATAGGTCGGCTGGGCTC
A

pBac3-R TCGACTTAACGCGTTGAATTCATGCATTTAATGATGGTGGT
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Chapter 4 SHRIMP: A Circularly Permutated mScarlet-based Genetically Encoded
Hydrogen Peroxide Red Fluorescent Indicator with High Brightness

and Minimal Photoactivation

The work described in this chapter includes collaborative efforts from Yiyu Zhang and Jing
Zhang. Author contributions are Yu Pang engineered cpmScarlet and SHRIMP biosensor,
performed in-vitro characterizations, mammalian cell response in HEK 293T, RAW 264.7, initial
photophysical property experiments, islet STZ stimulation and two-color cell imaging. Yiyu Zhang
and Yu Pang performed islet STZ stimulation. Jing Zhang provided cell culture for experiments

and imaged the two-color co-expression of Gcamp6 and SHRIMP in HEK 293T cells.

4.1 Abstract

Hydrogen peroxide (H20>) is involved in not only the modulation of redox signaling but
also the regulation of other physiological behaviors and it is closely related with the onset and
progression of many diseases. Genetically encoded redox indicators (GERIs) based on single
fluorescent protein (FP) are valuable tools for tracking spatiotemporal dynamics of H.O:
production and consumption. While most GERIs are based on green fluorescent protein (GFP),
which causes higher autofluorescence and increased cytotoxicity, several circularly permutated
red FP-based red GERIs have been developed to expand the spectrum to the red section of visible
spectrum. Among RFPs, mScarlet-1 was reported with fast maturation, great brightness and better
photostability. Here, we described the development of the first cpmScarlet-based hydrogen
peroxide redox indicator with minimal photoactivation (SHRIMP). SHRIMP showed an excitation

and emission peak at 570 nm and 595 nm, respectively, and exhibited maximal 5-fold fluorescence
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intensity “turn-off” upon oxidation by H.O». We tested SHRIMP in live-cell imaging with either
exogenous addition of H2O> or under physiological stimulation towards macrophage. Besides,
SHRIMP presented good brightness and minimal photoactivation, confirming its utility for multi-
color imaging. Moreover, SHRIMP displayed good brightness in isolated mouse islets and can
respond to chemical-induced H.O> generation. Last, SHRIMP was co-expressed with green

calcium indicator in mammalian cells for multiparameter imaging.

4.2 Introduction

Reactive oxygen species (ROS), the potent oxidants with an unpaired electron, have been
widely recognized for playing an indispensable role of cellular metabolism. When generated near
basal levels, ROS are involved in various metabolic processes, and the overproduction of ROS has
been implicated in diseases ranging from cardiovascular diseases to cancer to neurological

disorders.t*

Hydrogen peroxide (H20>) is generated from the dismutation of superoxide anion (O2") by
superoxide dismutase (SOD).> As the most long-lived ROS, it mediates the redox signaling
through oxidizing redox sensitive cysteine residues of target protein. Oxidation of thiols leads to
formation of disulfide bonds and sulfenic acids, which can subsequently cause the conformational
and activity change of the target proteins.® Due to its good stability and capability to diffuse within
or between cells, H20: is identified as a second messenger involved in insulin signaling, growth
factor-induced signaling cascades and protein kinase regulation.”® It participates in many
physiological processes, such as cell differentiation, proliferation and survival. On the other hands,
H20: is also considered as toxic metabolic byproduct since high levels of H,O2 can cause cell cycle

arrest or even apoptosis.'® Whether H202 exerts a beneficial or harmful effects on living system
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highly depends on the cellular context, its local concentration and the exposure time.'> 12 For
example, intracellular H.O2 concentration increase only ~100 nM during muscle contractions and
failure of this redox-mediated adaption contributes to loss of skeletal muscle during aging
process.® Therefore, it is of great importance to monitor H,O2 signals in different cellular

compartments under various biological scenarios.

Genetically-encoded FP-based redox indicators (GEFRIs) are indispensable tools that
provide chances to monitor the real-time dynamics of redox signaling in diverse biological
system.* Most GEFRIs are built upon GFP or YFP.*>2! Both GFP and YFP are short wavelength
emitters, which can generate excessive phototoxicity in the biological samples due to the
generation of endogenous free radicals.?? Besides, the short wavelength lasers limit the application
for deep tissue imaging and preclude their applicability for multi-color imaging. Therefore,

expanding the color palette of GEFRIs is of great importance to overcome these limitations.

The first red fluorescent genetically encoded redox probe, HyperRed?, is built by fusing
H,0, sensory domain OxyR with circularly permutated mApple?* (cpomApple). Our group
previously developed a series of cpomApple-based GEFRIs for monitoring redox status in live cells
and different subcellular compartments.?>-2 The red fluorescent protein mRuby2?° and mCherry*
have also been used to design redox indicators.: 32 All these monomeric RFPs (mMRFPs) were
adapted from RFP homologs of corals and other Anthozoa species, which tend to form obligate
tetramers/oligomers.3® The monomerization of some RFPs lead to the loss of brightness compared
to their tetramer ancestors. For example, mRuby2?® and mCherry® exhibited relatively dim

fluorescence with quantum vyield below 50%. Some indicators based on cpmApple have been

reported to present blue-light photoactivation, which may introduce artifacts during long-term
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optical imaging.®* Other drawbacks include incomplete or partial green maturation and a residual

tendency to dimerize.®

Instead of evolving from tetrameric RFP analogs, the brightest available RFP mScarlet-I
was developed from a synthetic gene template based on mCherry and multiple other natural RFPs.
It outperforms other RFPs with much greater brightness, favorable maturation rate and good
photostability,%® making it an optimal mRFP for sensor development. With its great brightness,
mScarlet has been used as fluorescent reporter, together with CRISPR-Cas9 technology, for
developing Zebrafish line (RedEfish)®’ or human induced pluripotent stem cell line (NES-mScarlet
hiPSCs).3® A pH-sensitive red indicator based on wildtype mScarlet-1 (pHmScarlet) have been
engineered and used to monitor fusion pore formation during exocytosis.** A FRET pair of
mScarlet-derived GFP (mWatermelon) and mScarlet-1 have also been reported. This FRET pair
was engineered to different biosensors for the detection of diverse biological signaling.® In
another work, mScarlet was converted to large Stokes shift FP (LSSmScarlet) and utilized for dual-

color two-photon imaging and super-resolution STED imaging in cultured mammalian cells.**

In all above-mentioned cases, mScarlet-1 has been treated as an individual entity that
maintained intact tertiary structure to protect the chromophore. Circular permutation of FPs has
markedly expanded the utility of FPs, enabling the development of diverse genetically encoded
sensors.?! 424 In a cpFP, the new N- and C- termini are created in proximity to the chromophore
while the original termini connected with a linker. Since the chromophore is exposed to the exterior
environment, circular permutants are more susceptible to the environment change than the native
proteins.*> 46 One of the typical strategies for designing genetically-encoded redox fluorescent

biosensor is to fuse the cpFP with a redox-active sensory domain so that the fluorescence readout
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can be modulated through the interaction between redox sensor domain and the corresponding

analytes.?®

In this work, we first engineered a circularly permutated mScarlet-1 (cpmScarlet), which
maintained its autocatalytic fluorescence with excitation and emission peak at 570 nm and 595 nm.
We then fused H20- regulatory domain OxyR to the N- and C- termini of the cpomScarlet scaffold
and optimized the length and composition of the linker connecting the sensory domain and
cpmScarlet. Through further random mutagenesis and screening, we identified a circularly
permutated mScarlet-based genetically encoded hydrogen peroxide red fluorescent indicator with
high brightness and minimal photoactivation (SHRIMP), that exhibited maximal 5-fold
fluorescence “turn-off” when fully oxidized compared to the reduced state at pH 7.4. We
performed thorough in-vitro characterization of SHRIMP and then investigated its photophysical
characteristics. SHRIMP has also been expressed in different living mammalian cell lines to
monitor real-time H202 dynamics. In addition, SHRIMP showed good brightness and response in
tissue-level samples and great incompatibility with genetically encoded indicator of other colors
for multiparameter imaging. To our knowledge, this is the first genetically-encoded redox

biosensor based on cpmScarlet.

4.3 Methos and Materials

4.3.1 Library construction and screening of circularly-permutated mScarlet

The fragment 146-232 of cpmScarlet-1 was amplified from plasmid pBad-mScarlet-1 using
Taq DNA Polymerase with cpmScarlet-2NNK-F1 and cpmScarlet-R1 primers. The fragment 1-
145 was amplified from plasmid pBad-mScarlet-1 using cpmScarlet-F2 and cpmScarlet-NNK-R2

primers. The oligonucleotide primers were designed to add 2 x “NNK” codon to the N-terminus
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of fragment 146-232, one 1 x “NNK” codon to the C-terminus of fragment 1-145, and the
nucleotides encoding a Gly- and Ser-rich floppy linker between C-terminus of the 146-232
fragment and the N-terminus of 1-145 fragment. Next, two fragments were assembled by overlap
polymerase chain reaction (PCR) with cpomScarlet-2NNK-G-F and cpmScarlet-NNK-G-R primers
to add Xho I and Hind I11 restriction sites. The overlap PCR product was then digested with Xho
I and Hind 111 and inserted into a predigested pBAD/HisB vector via ligation. The ligation product
was transformed to E. coli DH10p cells and the culture was plated on LB agar plates supplemented
with 100 mg/mL ampicillin and 0.02% (w/v) L-arabinose. After incubation for 24 hrs at 37°C,
colonies were screened for bright red fluorescence under a customized bacterial colony imaging
system. The system was composed of a Dolan-Jenner Mi-LED Fiber Optic light source, excitation
and emission filters in Thorlabs motorized filter wheels, and a QSI 628 CCD camera. Mutants with
relatively high brightness were inoculated in 0.5 mL 2 x YT supplemented with 100 pg/mL
ampicillin and 0.02% (w/v) L-arabinose in a 96-well deep-well bacterial culture plate to obtain
crude proteins. Cells were grown at 37 °C, 250 rpm until ODeoo reached 0.8, and then transferred
to 16°C, 250 rpm for another 48 h. The 96-well culture plate was then centrifuged at 4150 x g for
15 min and 300 pL of Bacterial Protein Extraction Reagents (B-PER, Pierce) was added to lyse
the pellets in each well. The fluorescent intensity of each cell lysate was recorded using a BioTek
Synergy Mx Microplate Reader. The mutant with good brightness and corresponding
excitation/emission spectrum was confirmed by Sanger sequencing. For comparing the brightness
of the cpmScarlet mutant with ecpomApple mutant, each plasmid was transformed to E. cloni 10G
cells and the culture was plated on 2 x YT agar plates supplemented with 100 mg/mL ampicillin
and 0.02% (w/v) L-arabinose at 37 °C for overnight incubation. The colonies were imaged with

abovementioned imaging system with excitation 550-30 nm and emission 645-75nm.
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4.3.2 Engineering and library screening of SHRIMP

To insert cpmScarlet between two OxyR domains, cpmScarlet was amplified from its
corresponding pBAD vector by using oligos OxyR-cpmScarlet-F1 and OxyR-cpmScarlet-R1
(Table S1). These oligos were designed to add 2 x NNK degenerate codon to both N and C-term
of cpmScarlet. Two OxyR sensory domains were amplified from pBAD-HyPerRed with oligo
pairs OxyR-N-F, OxyR-N-R and OxyR-C-F, OxyR-C-R separately. Amplified cpmScarlet and
two OxyR domains were assembled into a compatible pBAD/His B vector by Gibson assembly.
The assembly product was transformed into E. coli DH10p cells and then plated on LB agar plates
supplemented with appropriate antibiotic and 0.02% (w/v) L-arabinose. Bright colonies were
selected under abovementioned colony imaging system and inoculated into 500 puL 2 x YT with
100 pg/mL ampicillin in two 96-well deep-well plates. After overnight growth at 37 °C, 250 rpm,
500 uL 2 x YT supplemented with 100 pug/mL ampicillin and 0.4% (w/v) L-arabinose was added
to the overnight cell culture. Next, the plates were moved to 16°C with shaking at 250 rpm for 3
days to express the protein. The cell culture was spin down at 4150 x g for 20 min to obtain the
cell pellet. To get the bacteria crude lysates, 300 puL of Bacterial Protein Extraction Reagents (B-
PER, Pierce) was added each well and the plates were incubated with gentle shaking on ice for
1hr. The plates were centrifuged at 3500 x g, 4°C for 20 min and supernatant was used to test the
H20 response. The fluorescent intensity of each cell lysate with or without adding H.O, was
recorded using a BioTek Synergy Mx Microplate Reader with excitation at 570 nm and emission
at 600 nm. The variant showed maximal fluorescence dynamic change was selected as template
for directed evolution. Two rounds of random mutagenesis, based on error-prone PCR using oligos
pBAD-F/R, were performed and library was screened as abovementioned. The clone presented

bright red fluorescence with maximal fluorescence change was chosen for in-vitro characterization.
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The negative control, SHRIMP-N, was constructed by mutating active Cys at the 199 site to Ser

(C1995S) to abolish the activity of OxyR sensor domain.

4.3.3 Protein purification and in-vitro characterization

To express ecpApple and cpmScarlet, the plasmid pBAD-ecpApple/pBAD-cpmScarlet
was transformed to E. cloni 10G cells and then plated on 2 x YT agar plates supplemented with
100 mg/mL ampicillin and 0.02% (w/v) L-arabinose for overnight incubation at 37 °C. Single
colony was selected to start a 2 mL 2 x YT starter culture at 37 °C overnight shaking at 225 rpm.
The next day, the 2 mL saturated starter culture was diluted into 200 mL 2 x YT and 0.2 % (w/v)
L-arabinose was added to the 200 mL culture to induce the protein expression when ODgqo reached
around ~0.6. The protein was expressed under 37°C with shaking at 225 rpm for 24 hrs and 1 mL
cell culture was lysed with B-PER to measure the brightness and spectrum. The rest of the culture
was incubated to express the protein at 16 °C for another 48 hrs and cell pellet was harvested for
protein purification. Bacterial cells were centrifuged at 4500 x g for 20 min and the pellet was
resuspended in 1 x PBS buffer (pH 7.4). The bacteria resuspension was lysed by sonication and
the lysed supernatant was collected by centrifugation at 12000 x g for 30 min at 4 °C. The clear
supernatant was applied to Ni-NTA agarose beads (Pierce) for purification according to the
manufacturer’s instructions. The purified protein was buffer exchange with MilliporeSigma™
Amicon™ Ultra-15 Centrifugal Filter Units (10,000 Da molecular weight cutoff) and then used

for photophysical properties measurements.

SHRIMP was amplified from corresponding pcDNA3 construct and Gibson assembly #’
into a compatible pET28a vector tagged with Hiss. The plasmid with sequencing confirmation was

used to transform BL21(DE) competent cells, which were then plated on a 2 x YT agar plate
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supplemented with 50 ug/mL kanamycin. The plate was incubated at 37 °C overnight (~18 hrs)
and a single colony was selected and inoculated into 5 mL of liquid 2 x YT medium supplemented
with 50 ug/mL kanamycin. After shaking at 250 rpm, 37 °C overnight, the starter culture was next
diluted 100-fold into 500 mL 2 x YT supplemented with 50 pg/mL kanamycin. When the optical
density at 600 nm (ODeoo) reached 0.8, 1 mM IPTG was added into the medium to induce the
protein expression. The bacteria culture was shaken at 16 °C and 250 rpm for 96 hrs. The cell
culture was harvested and protein was purified as abovementioned. The protein eluate was further
applied to size exclusion column and then concentrated by using Amicon Ultra Centrifugal Filter
Units (10,000 Da molecular weight cutoff). The purified protein was aliquoted as small fraction

and stored at -80 °C.

Purified protein was diluted in 1 x PBS to a final concentration of 500 nM for excitation
and emission spectra scanning. The emission wavelength was set at 615 nm, and the excitation
spectra was scanned from 450 to 595 nm. To record emission spectra, the excitation wavelength
was fixed at 555 nm and the emission spectra was scanned from 575 nm to 700 nm. mScarlet-1 (&
= 0.54) (Bindels et al., 2017) was selected as the reference to determine the quantum yield of
purified SHRIMP and HyperRed. Purified protein was diluted to a series of different
concentrations in 1x PBS and emission spectra in the range of 560 nm-700 nm were recorded with
an interval of 5 nm. The quantum yield (QY) was determined as previously described.*®. The
absorption spectra were scanned from 520 nm to 700 nm to determine extinction coefficient (EC).
To determine the dose-response performance towards different concentrations of H,O2, 1 mM
DTT was first added to fully reduced the protein (10 pM). Next, the reduced protein was diluted
1000-fold and incubated with H20> (100 — 1000 nM) at RT. The fluorescence intensities (ex. 570

nm and em. 600 nm) of each group were measured on a BioTek Synergy Mx Microplate Reader.
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To test the specificity of SHRIMP, the fully reduced protein was incubated with different oxidants
according to a previous publication.*® The fluorescence of each group was recorded as
abovementioned. A series of buffer containing 200mM citric acid and 200 mM boric acid, with
pH ranging from 3 to 10, were prepared for pH titration. 5 pL purified protein (500 nM) was mixed
with 95 pL buffer and fluorescence intensity of each sample was recorded. The fluorescence value

was plotted against pH values to determine apparent pKa.

4.3.4 Demonstration of H,O> redox response in HEK 293T cells

To construct SHRIMP into mammalian cell expression vector pcDNAS3, oligos pcDNA3-
SHRIMP-F and pcDNA3-SHRIMP-R (Table S1) were used to amplify the SHRIMP insert from
PET-SHRIMP plasmid. The pcDNA3-SHRIMP-N was prepared by mutating Cys at 199 to Ser
through overlap PCR. The amplified insert was inserted with the compatible pcDNA3 vector via
Gibson Assembly. HEK (human embryonic kidney) 293T were cultured and transfected with 3 g
of plasmid pcDNA3-SHRIMP evenly mixed with 9 pg PEI following manufacture’s instruction.
After 24 hrs post-transfection, cells were imaged with DPBS (1 mM Ca?*, 1 mM Mg?*) under a
Leica DMIi8 inverted microscope equipped with a Leica EL6000 light source and a Photometrics
Prime 95B sCMOS camera. TRITC filter cube with 545/25-nm bandpass excitation and 605/70-
nm bandpass emission was applied to illuminate the cells. H,O2 (150 uM) was added externally to
the transfected cells in the imaging buffer and images were acquired at the certain intervals to
monitor the time-lapse responses. Images were analyzed using the ImageJ %° software. The mean
fluorescence intensity for ROI (regions of interest) of randomly selected cells were analyzed. The
ratios of fluorescence intensities at different time points (Ft) versus the value at t = 0 min (Fo) were

plotted against time.
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Table 4.1  Sequence of primers for cloning.

Primers

Sequence (5°- 3°)

cpmScarlet-2NNK-F1

ataggtcggctgggctcaccegtannknnkgageggttgtacccegag

cpmScarlet-R1

cgceccttgetcaccagactcccgectgtaccteecttgtacagcetegtecatge

cpmScarlet-F2

gacgagctgtacaagggaggtacaggcgggagtctggtgagcaagggcgaggeag

cpmScarlet-NNK-R2

ggtgatggtgttggtcacgmnncgcttcccageccattgte

cpmScarlet-2NNK-G-F

gaattaaccatgggctcgagaataggtcggetgggcteac

cpmScarlet-2NNK-G-R

ccgccaaaacagccaagcttaatgatggtggtgatggtgttggteacy

pcDNA3-SHRIMP-F

atgacgataaggatccgagctcgagagecaccatggagatggeg

pcDNA3-SHRIMP-R

gacactatagaatagggccctctagattaaaccgcectgttttaaaactttatcga

pAAV-insulin-F

aaggatcccgccaccatggegagecageaggge

pAAV-insulin-R

gottgattatcgataagcttttaaaccgcectgttttaaaacttt

OxyR-cpmScarlet-F1

tgcgcgatcaggceaatgecennknnkgageggttgtaccecgagga

OxyR-cpmScarlet-R1

ccggcttcaaaacagaaacccacmnnmnncgcttcccagceccattgtett

OxyR-N-F atgacgataaggatccgagctcgagagccaccatggagatggceg
OxyR-N-R gggcattgcctgatcgegcea

OxyR-C-F gtgggtttctgttttgaagcegg

OxyR-C-R tccgccaaaacagcecaagcttttaaaccgcectgttttaaaactttatcga
pBAD-F atgacgataaggatccgagctcgag

pBAD-R ctcatccgccaaaacagcecaagctttta
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4.3.5 Photophysical properties characterization of SHRIMP

For photoactivation comparison, HEK 293T cells expressing SHRIMP or HyPerRed were
illuminated with laser light switching between consecutive 8s of 532 nm with 50% power intensity
(0.107 W/cm?) and 2s of a 405 nm with 80% power intensity (0.162 W/cm?) under the

abovementioned Leica microscope platform with SPE-I11 spectral confocal module.

For regular photobleaching characterizations, HEK 293T cells transiently transfected with
SHRIMP or HyPerRed were stimulated with consecutive TRITC filter with 10% power intensity
(0.091 W/cm?) laser light under wide-field condition and 532 nm with 8% power intensity (0.004

W/cm?) under confocal module condition respectively.

In both photophysical properties characterizations, the mean fluorescence intensity at
certain time points (Ft) of randomly circled single cell were normalized to the fluorescence
intensity at time t = 0 min (Fo). The Fv/Fo ratio was plotted against time. The laser intensity at the
focal plane was measured with a digital optical power meter (Thorlabs, #°M100D) equipped with
a microscope slide photodiode power sensor (Thorlabs, #5170C). According to the formula

- (0.5 - Drov)?, the illumination area was calculated 0.3445 mm?2,

4.3.6 Construction AAV plasmids and preparation of Adeno-Associated Viruses (AAVS)

To construct plasmids for packing adeno-associated virus for expression in islet clusters,
the SHRIMP (or SHRIMP-N) insert gene was amplified with oligos pAAV-insulin-F and pAAV-
insulin-R (Table S1) from the corresponding pcDNA3 mammalian cell expression plasmids. The
pAAYV vector, which contains insulin promoter, was digested with Nhe I and Hind I11. The resultant
PCR insert was assembled into predigested pAAV-insulin vector by Gibson Assembly. Plasmids

were sent for Sanger sequencing confirmation.
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To pack AAV of SHRIMP (or SHRIMP-N), pAdDeltaF6 (Addgene #112867) and
pAAV2/9n (Addgene #112865) gifts from James M. Wilson, were used as our AAV packing
plasmids. pAAV-insulin-SHRIMP/SHRIMP-N were co-transfected with pAdDeltaF6 and
PAAV2/9n into HEK 293T cell line to pack virus. Protocol by Rego et al. °* was used for AAV
packing and purification. AAV was titrated with quantitative PCR (qPCR) by following a protocol
from Addgene. The AAV titers were in the range of 1 x 10% to 1 x 10'* vg/mL. AAVs were

aliquoted and stored in -80 °C for long term usage.

4.3.7 Imaging redox response in activated macrophages

RAW 264.7 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% FBS at 37 °C with 5% CO.. When cells reached ~60% confluency, 3 ug
of plasmid pcDNA3-SHRIMP/SHRIMP-N was mixed with 6 pg X-tremeGENE™ HP DNA
Transfection Reagent (Roche) as manufacturer’s instruction. The DNA-lipid complexes were
added directly into the medium of cells and incubated at 37 °C with 5% CO.. Cells were imaged
in Hank’s balanced salt solution (HBSS) after 24 hrs post transfection. 2 UM phorbol myristate
acetate (PMA) was added dropwise to the cells in imaging buffer. Fluorescence change within
certain interval was recorded with abovementioned Leica microscope platform. The fluorescence

response was analyzed with ImageJ as previously described.

4.3.8 Mouse pancreatic islets isolation and AAV transduction

Mouse pancreatic islets were isolated from the pancreata of C57BL/6 mice (Jackson
Laboratory, MA) at age of 10-12 weeks. Islets were cultured according to the established protocol

52 In brief, 0.375 mg/mL of Collagenase P (Roche Applied Science, IN) were injected into the
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pancreata for digestion at 37 °C for 15 min. A discontinuous Ficoll gradient (Mediatech, VA) was
used to further purify the islets. Next, purified islets were cultured in RPMI 1640 containing 10%
fetal bovine serum (Hyclone Inc., MA) and 1% penicillin/streptomycin (Mediatech, VA) at 37°C

under 5% CO..

For AAV transduction, islets were pre-treated with 0.05% trypsin in 37°C for 2 min and
immediately transferred into abovementioned RPMI 1640 medium to stop trypsinization. Around
50 islets were handpicked into a well of 96-well-plate with 100 ul RPMI 1640 medium. 5 uL AAV
(titer of 1 x 10* to 1 x 10* vg/mL) were added to each well (estimated multiplicity of infection
(MOI) ~100,000 vg/cell). After 20 hrs incubation at 37°C with 5% CO., cells together with
medium in 96-well plates were transferred into 24-well plate containing 1 mL complete medium.

Medium was changed every 2 days and islets were imaged after 3 days.

4.3.9 Imaging redox response in chemical stimulated Islet

Islets were transduced with AAV-SHRIMP (or AAV-SHRIMP-N) as previously described.
For imaging, islets were transferred into Krebs-Ringer Modified Buffer (KRB, 135 mM NaCl, 5
mM KCI, 1 mM MgSOs, 0.4 mM K;HPOs, 1 mM CaClz, 5.5 mM Glucose and 20 mM HEPES).
Different concentrations of H2O> were added externally to SHRIMP/SHRIMP-N transduced islets
to stimulate redox response. For monitoring the redox response caused by streptozotocin (STZ)-
stimulation, 6 mM STZ was added to the islets and images were acquired at indicated interval.

Image data was analyzed as abovementioned.
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4.3.10 Dual-color imaging of H,O, and Ca?* in mammalian cell culture

The plasmids pcDNA3-cyto-GCaMP6m (1.5 pg) and mitochondria-localized pCS-MLS-
SHRIMP/SHRIMP-N (1.5 pg) were transiently co-transfected into HEK 293T cells. The cells were
imaged in HBSS buffer after 48 hrs transfection under the abovementioned Leica DMi8 inverted
microscope system. The Leica SPE-II spectral confocal module was used to determine cellular
localization of GCaMP6m and SHRIMP. The green fluorescence was acquired with a 488-nm
laser and the emission was scanned from 510-565 nm. The red fluorescence was collected with a
532 nm laser and emission was collected from 600-665 nm. Time-lapse experiments were carried
out under the wide-field condition. The 10 uM Thapsigargin (TG) was added to stimulate the cells
post 10 min imaging. The FITC filter cube with 470/40-nm bandpass excitation and 525/50-nm
bandpass emission was applied to illuminate GCaMP6m and TRITC filter cube with 545/25-nm
bandpass excitation and 605/70-nm bandpass emission was applied to illuminate the SHRIMP.
Time-lapse imaging was sequentially acquired between the two channels. Images were analyzed
as previously described. Fluorescence signals at a certain timepoint (Ft) of each channel was

normalized to basal intensity levels (Fo) at t = 0 upon stimulation.

4.4 Results

4.4.1 Engineering and Screening of SHRIMP

The natural mScarlet-1 was split between the 146" and 147" amino acid, which lie in close
proximity to the chromophore. The original N- and C- termini of mScarlet-1 were fused with a
Gly-Ser-rich peptide linker (GGSGGT), and the sites 146 and 147 turn to the new termini.

Degenerate codons (NNKSs) were added to the new termini to build saturated mutagenesis library
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for screening (Figure 4.1A). The colonies with faster onset of fluorescence after overnight
incubation at 37 °C were selected for expression. Upon the expression of protein, the E. coli lysate
was screened for brightness of red fluorescence by using a BioTek™ Synergy™ Microplate
Reader. The brightest clone was selected and sent for sequencing confirmation (Figure 4.1A). The
resultant cpmScarlet exhibits an excitation peak at 570 nm and an emission peak at 595 nm (Figure
4.1C), which are close to the wild-type mScarlet-1 (Ex: 569 nm, Em: 593 nm). In addition, the cell
lysate of cpomScarlet presents better brightness, ~5-fold greater brightness, and better fluorescence
spectrum than ecpApple®® (Figure 4.1B) after 37 °C overnight protein induction. We also
compared the photophysical properties of cpomScarlet and ecpApple. The EC of ecpApple is 46,924
M7t cm? and QY is 0.03, while the EC of cpmScarlet is 31,546 M cm™ and QY is 0.31

Collectively, the brightness of purified cpmScarlet is ~6-fold higher than ecpApple (Table 4.2).
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Figure 4.1 Sequence and fluorescence spectrum of cpmScarlet.

(A) Schematic presentation of cpmScarlet library design and sequence alignment of ecpApple and
cpmScarlet. X represents NNK, N: any base, K: G or T. Two fragments of cpmScarlet are
connected through a GGTGGSL linker. Residues in this figure are numbered according to the
cpmScarlet sequence. The detailed sequences for pBAD-His B vector are not shown. (B) Left
panel: comparison of fluorescence spectrum of ecpApple and cpmScarlet from cell lysate. Right
panel: emission peak intensity comparison of ecpApple and cpmScarlet cell lysate. (C)
Fluorescence spectrum of purified cpomScarlet (Ex-570 nm, Em-595 nm).
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Next, we replaced cpmApple in HyPerRed with cpmScarlet (15-250) and kept the same
linker length, 3 amino acids on each side, between sensory domain OxyR and cpmScarlet. The two
amino acids closest to the N- and C-termini of cpmScarlet were adapted to degenerate codon to
build the initial library for screening (Figure 4.2A). An initial mutant (SHRIMP 0.1) presented
~2.9-fold of fluorescence decrease towards 500 uM externally added H.O> was selected for further
engineering. Since SHRIMP 0.1 showed relatively dim red fluorescence and required to express
under 16°C, we performed random mutagenesis to enhance its maturation and brightness. Two
rounds of error-prone PCR-based random mutagenesis were conducted and the selected colonies
were incubated under room temperature for expression (Figure 4.2A). A variant, containing the
linkers Pro-Gly-Thr and Gly-Gly-Val, showed maximal ~5-fold of fluorescence change against
added H20,. Compared to SHRIMP 0.1, it gained 3 mutations (A363T, A404T, K495M) during
the evolution process (Figure 4.2B). This clone was named SHRIMP and selected for further

characterization.
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base, K: G or T. H20> sensory domain OxyR is boxed in blue, cpomScarlet (15-250) is boxed in

red. OxyR and cpmScarlet are connected through 3
orange). Mutations obtained during evolution are highlighted in green. The detailed sequences for

of different SHRIMP mutants and the negative control SHRIMP-N. X represents NNK, N: any
pBAD-His B vector are not shown.

(A) Workflow showing the library design and development of SHRIMP. (B) Sequence alignments

Figure 4.2 Engineering and evolution process of SHRIMP.



4.4.2 Protein Expression and in vitro Characterization of SHRIMP

We next performed in vitro characterization of SHRIMP. Purified SHRIMP presented an
excitation and emission peak at 570 nm and 595 nm respectively. Fluorescence intensity presented
a maximal 5-fold decrease upon adding 1000 uM H.O> (Figure 4.3B). The emission spectrum
indicated that the fluorescence intensity decreased against H>O: in a dose-dependent manner
(Figure 4.3C). To test SHRIMP specificity, we measured fluorescence change in the presence of
other redox-active molecules, including reactive nitrogen species (NO¢), major targets of ROS
(cysteine/homocysteine) and other ROS (*OH/GSSG). Significant declined fluorescence intensity
was only observed in presence of H2O; (Figure 4.3D), suggesting that SHRIMP can detect H.O>
with good specificity. To construct a negative control (SHRIMP-N), we mutated the critical active
Cysteine residue 199 involved in H>O> redox response, to Serine. When adding the same
concentration of H.O to purified protein, SHRIMP displayed fluorescence decrease towards H20:
(ECso0 ~ 294 nM) while SHRIMP-N did not show significant fluorescence response (Figure 4.3F).
To exclude the artifacts from pH, we also compared the pH response of SHRIMP and the negative
control SHRIMP-N within pH range from 3-10, which cover the physiological pH range. SHRIMP
and SHRIMP-N presented similar response to different pH, with pKa of 7.49 and 7.10 respectively.
Both mutants showed minimal fluorescence change within physiological pH range 7 - 7.5 (Figure
4.3E), indicating that the pH artifacts can be excluded by using SHRIMP-N to perform
experiments parallelly with SHRIMP. We further measured quantum yield, using mScarlet-1 as
reference, and extinction coefficient of SHRIMP to evaluate its brightness. The quantum yield of
SHRIMP remained as 0.32 under both redox states. Extinction coefficient changed from 127,784
to 25,557 when fully oxidized by H20-, leading to a maximal 5-fold of brightness change (Table

4.2). Compared to HyPerRed, the brighter state (reduced state) of SHRIMP presents ~ 4.0-fold
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higher brightness than the brighter state (oxidized state) of HyPerRed. The dimmer (oxidized) state
of SHRIMP shows ~ 1.5-fold higher brightness than the brightness of reduced sate of HyPerRed
(Table 4.2). Taken together, in vitro characterizations indicated that SHRIMP exhibited great
brightness, excellent sensitivity and good selectivity against H2O2, making it a favorable tool to

study H>O»-related redox biological questions.
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Figure 4.3 Design and in vitro characterization of SHRIMP biosensor.

(A) Schematic representation of SHRIMP sensor design. (B) Excitation (solid line) and emission
(dot line) spectra of oxidized (blue) and reduced (red) purified SHRIMP. (C) Emission spectrum
against different concentrations of H>O. (D) Selectivity assay of SHRIMP towards various redox
molecules. (E) The pH profile of purified SHRIMP and SHRIMP-N. (F) Fluorescence response
of purified SHRIMP and SHRIMP-N against different concentrations of H2O..
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Table 4.2  Photophysical properties of the indicated cpRFPs and red

fluorescent H202 sensors.

Lex (NM)  Aem (NM) e (Mtcm?) ) Brightness?
cpmScarlet 570 595 31,546 0.31 9.79
ecpApple 570 600 46,924 0.03 1.60
SHRIMP oxidized
570 600 25,557 0.32 8.18
reduced
570 600 127,784 0.32 40.89
HyPerRed oxidized
575 605 38,148 0.27 10.30
reduced
575 605 19,074 0.27 5.33

& The intrinsic brightness is defined as the product of ¢ and ¢.
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4.4.3 H202 dynamic imaging in mammalian cell culture

To assess the performance of SHRIMP in culturing mammalian cells, we generated
mammalian cell expressing plasmid of pcDNA3-SHRIMP and the corresponding control
pcDNA3-SHRIMP-N. Expressed in HEK 293T cells, SHRIMP manifested ~ 3.3-fold of
fluorescence decrease in the presence of 150 UM exogenous H20. while the fluorescence change
of SHRIMP-N was negligible (Figure 4.4A-C). SHRIMP utilized the same OxyR sensory domain
as HyPerRed with several mutations obtained through the evolutions. Its fluorescence dynamic
change was 65% greater than that of HyPerRed (~2-fold)?® towards the same concentration of

external H20-.

To assess the applicability of SHRIMP in physiological milieu, we further expressed
SHRIMP in mouse RAW 264.7 macrophage, which was reported to release ROS during
phagocytosis or activated with a wide range of stimuli. > *° It has long been recognized that H20
was generated during phagocyte respiratory burst via the nicotinamide adenine dinucleotide
phosphate reduced (NADPH) oxidase and elevated H2O- contributes to pathogens killing and
digestion. %® SHRIMP or SHRIMP-N was transfected in mouse RAW 264.7 macrophage for 24
hrs. Post 24-hrs expression, phorbol myristate acetate (PMA), protein kinase C agonists, >’ was
added to the cells to activate NADPH-oxidase to release H20.. *® The cells expressing SHRIMP
showed ~30% fluorescence “turn-off” upon PMA stimulation. Parallelly, we expressed SHRIMP-
N in RAW 264.7 cells and the fluorescence change of cells bearing SHRIMP-N is negligible
(Figure 4.4D-F). Taken together, these results indicated that SHRIMP can be a reliable tool to
monitor both external H2O2 and physiological-related H>O2 generation in different mammalian

cell systems.
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Figure 4.4 Imaging of SHRIMP response in mammalian cells.

(A) Representative pseudocolored fluorescence images of HEK 293T cells expressing
SHRIMP/SHRIMP-N response to H>O». Images were taken at 0 and 300 sec. (B) Time-lapse
responses of HEK 293T cells expressing SHRIMP (red) or SHRIMP-N (black) to externally added
150 uM H20.. (C) Comparison of total intensity changes for HEK 293T cells expressing SHRIMP
(red) or SHRIMP-N (black) (****P < 0.0001, unpaired two-tailed t-test). Data represent mean *
SD of 15 cells from three technical repeats in each group. Arrow indicates the time point for H20-
addition. (D) Representative pseudocolored fluorescence images of macrophages expressing
SHRIMP/SHRIMP-N. Images were taken at 0- and 120-min. (E) Time-lapse responses of PMA-
activated macrophage expressing SHRIMP (red) or SHRIMP-N (black). (F) Total fluorescence
intensity comparison of activated macrophages with SHRIMP (red) or SHRIMP-N (black). Data
represent mean = SD of 10 cells from three technical repeats. (**** indicate P < 0.0001). Arrow
indicates the time point for PMA addition. Scale bar: 10 pum.
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4.4.4 Photophysical Properties Characterization of SHRIMP biosensor

To further look into the photophysical properties of SHRIMP, we illuminated the protein
under different laser conditions. HEK 293T cells expressing SHRIMP and HyPerRed were
cultured and imaged in the glass-bottom dish via 40 x oil objective lens. When illuminated under
10% intensity with TRITC filter (0.091 W/cm?), HyPerRed displayed ~ 8% fluorescence increases
while SHRIMP showed ~ 20% fluorescence decrease within a certain period of time (500 s)
(Figure 4.9A). Similarly, under the 8% intensity illumination at 532 nm (0.004 W/cm?), HyPerRed
presented ~0.02 % photobleaching while SHRIMP presented ~ 0.05% photobleaching (Figure

4.9B).

As to photoactivation, illuminating HyPerRed with 405 nm laser (0.162 W/cm?) for 2 s led
to maximal ~10 % fluorescence increases as detected with 532 nm illumination (Figure 4.5B).
The intense violet laser illumination resulted in a fluorescence increase ranging from 2% to 10%
(Figure 4.5B). The photoactivation effect was accumulative and showed a maximal ~1.3-fold of
fluorescence increase of baseline (Figure 4.5B). In contrast, this photoactivation effect was not
detected in SHRIMP-expressing cells under the same illumination condition (Figure 4.5A),

indicating that SHRIMP might be a more ideal biosensor in combination for multi-channel imaging.
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Figure 4.5 Photophysical characteristics of SHRIMP and HyPerRed in
mammalian cell culture.

(A) Representative SHRIMP fluorescence changes to switching between illumination 5s with a
532 nm 50% intensity (0.107 W/cm?) laser and 2 s with a 405 nm 80% intensity (0.162 W/cm?)
laser. (B) Representative HyperRed fluorescence changes to switching between illumination 5s
with a 532 nm 50% intensity (0.107 W/cm?) laser and 2 s with a 405 nm 80% intensity (0.162
W/cm?) laser. Representative data from three independent technical repeats were shown.
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4.4.5 Imaging of redox dynamics in chemical stimulated Islet

First, we added H»0O, at different concentrations (5, 25 and 100 puM) to prompt the redox
response in SHRIMP-expressing islets. The fluorescence intensity of SHRIMP exhibited a
concentration-dependent decrease with a maximal 2.5-fold of dynamic change. The response
showed a Kd of 12 uM and was saturated at 100 pM H20.. Meanwhile, SHRIMP-N did not show
obvious response towards the addition of 100 uM H20- (Figure 4.6). Next, we further assessed
the performance of SHRIMP in islets under physiological-related stimulation. Streptozotocin (STZ)
(2-deoxy-2-(3-methyl-3-nitrosourea)-1-D-glucopyranose) is a cytotoxic glucose and N-acetyl
glucosamine (GIcNAc) analogue, which has been used as a chemotherapeutics alkylating agent to
treat metastasizing pancreatic islet cell tumors.>® STZ was found to increase the activity of xanthine
oxidase to generate superoxide, which will subsequently form hydrogen peroxide and hydroxyl
radicals.®® Generation of hydrogen peroxide has been studied in pancreatic islets of C57BL/6 mice
with multiple low doses STZ induced diabetes. ®* Here, we expressed SHRIMP in isolated
pancreatic cells of C57BL/6 mice to test if it can monitor the H2O generation during STZ
stimulation. AAV transduced pancreatic cells were transferred into imaging buffer KRB for STZ
stimulation. In the presence of 6 mM STZ, the fluorescence intensity of SHRIMP displayed a 38%
decrease from the basal level within 1hr. In contrast, the fluorescence intensity decreased only
around 12% without STZ addition. Parallel experiments were performed on pancreatic cells
expressing negative control, SHRIMP-N. The fluorescence intensity in the control group exhibited
similar decrease level (~12%) as SHRIMP group without STZ (Figure 4.7A and 4.7B). The
marked fluorescence decreases in SHRIMP group, compared to different control groups, indicated

~1.5-fold elevations of H20> levels in STZ-mediated pancreatic islet (Figure 4.7C). Collectively,
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these data suggested that SHRIMP can be applied to stimulated tissue for monitoring H20-

dynamic change.
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Figure 4.6 Imaging of SHRIMP (SHRIMP-N) transduced islets response to
external H202.

Time (S)

(A) Time-lapse fluorescence changes of islets transduced with SHRIMP (SHRIMP-N) to different
concentrations of externally added H202. (B) Fluorescence signal changes of SHRIMP against
concentrations of H202.
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Figure 4.7 Detection of hydrogen peroxide generation in Streptozotocin (STZ)
mediated mouse pancreatic islets.

(A) Representative pseudocolored real-time fluorescence images of islet expressing
SHRIMP/SHRIMP-N. Images were taken at 0- and 60-min upon 6 mM STZ stimulation. (B)
Time-lapse responses of islets expressing SHRIMP (red) or SHRIMP-N (black) upon STZ
treatment. (C) Fluorescence intensity comparison of STZ-treated islets with SHRIMP (red) or
SHRIMP-N (black) expression. Data represent mean * s.e.m. from three technical repeats. (****
indicate P < 0.0001). Arrow indicates the time point for STZ treatment. Scale bar: 10 um.
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4.4.6 Dual-color imaging of Ca?" signaling and H,O, dynamics in different subcellular

compartment of HEK 293T cells

To assess the compatibility of SHRIMP for dual-color imaging, we co-expressed SHRIMP
with GCAMPG6 in the mitochondria and cytosol of HEK293T respectively (Figure 4.8A). The
effect of Ca?* load on ROS generation in mitochondria are controversial from different studies,

ranging from increase to significant decrease to no significant impact 52-54,

Thapsigargin (TG), as an inhibitor of sarco/endoplasmic reticulum Ca?*- ATPase (SERCA),
inhibiting the Ca®* pumping from the cytoplasm into the sarcoplasmic reticulum (SR) lumen and
the endoplasmic reticulum (ER) . When treating the cells with 15 uM TG, the green fluorescence
of GCAMPG displayed an increase in response to TG-treatment in the cytosol (Figure 4.8BC).
Meanwhile, the red fluorescence of SHRIMP decreased during monitoring time, indicating a
simultaneous increase in H2O> generation in mitochondria (Figure 4.8DE). In contrast, the
fluorescence of negative control SHRIMP-N was negligible (Figure 4.8E). These results support
the applicability of SHRIMP for multicolor/multiparameter imaging in combination with other

indicators.
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Figure 4.8 Multicolor imaging of Ca2+ and H202 signaling in HEK 293T cells.

(A) Co-expression of Cyto-GCAMP6 and Mito-SHRIMP in HEK 293T cells. (B) Representative
pseudocolored real-time fluorescence images of GCAMP6-expressing HEK 293T cells. (C) Time-
lapse Ca?* responses of GCAMPG6 expressed in cytosol. (D) Representative pseudocolored real-
time fluorescence images of SHRIMP-(red)/SHRIMP-N (black)-expressing HEK 293T cells. Data
represent mean + S.E.M from three technical repeats. Arrow indicates the time point for
Thapsigargin (TG) treatment.
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Figure 4.9 Photostability of SHRIMP and HyPerRed in mammalian cells.

(A & B) Time-course fluorescence photobleaching pattern of SHRIMP (red) or HyperRed (orange)
with excitation (A) at TRITC filter 10% intensity. (0.091 W/cm?) (B) at 532 nm 8% intensity
(0.004 W/cm?) under confocal module.
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45 Discussions

In this work, we first generated a mScarlet-based circularly permutated RFP scaffold,
cpmScarlet, which displays similar excitation and emission peak as its parental RFP. Due to the
lack of crystal structure of mScarlet, we chose to align the DNA sequence of mScarlet-1to mApple.
Learning from the design strategy from cpmApple, we decided to create the new termini at the
Al146 and E147. Meanwhile, we extended linker sequences, adapted from our previous reporters
rXRFPs, on both newly-created N- and C-termini. Through random mutagenesis and directed
evolution, we identified a variant maintained the autocatalytic red fluorescence with good

brightness and maturation rate at 37°C.

Next, we attached two flanking sensory domains OxyR, the E. coli H2O-activated
transcription factor, to the N- and C-termini of comScarlet. Both sides contained three amino acids
linker length between the OxyR and cpmScarlet. Most variants from the initial library display poor
maturation rate under 37°C and only expressed weak red fluorescence when incubated at 16°C.
We further performed several rounds of directed evolution and step-wise increased the library
expression temperature gradually, from 16°C to room temperature to 30°C, to screen for variants
with better maturation rate and protein folding. As a result, we identified a variant showing good
brightness and “turn-off” fluorescence change towards H20.. On the other hand, we also attempted
to select relatively dim variant to see if they showed any “turn-on” fluorescence change against
H202. However, none of these variants display detectable fluorescence response to H.O,. We
speculated that the dim fluorescence indicates the poor maturation and protein folding of the FP,
which may lead to the disfunction of the biosensor. It is possible that the cpmScarlet-based
biosensors with good brightness are reaching the saturation level of brightness, building a barrier

to develop biosensors with fluorescence increase in response to H20o.
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One of the reported drawbacks of DsRed-derived RFP,°® mApple, is blue-light
photoactivation behavior. The cpomApple-based Ca?* indicator R-GECO series present apparent
photoactivation with blue or green light illumination, which demanding extra caution to be taken
to exclude the artifacts from the real response when integrated with channelrhodopsin-based
optogenetics.* 357 Here, we also assessed the photoactivation properties of HyPerRed, a redox
biosensor adapted from cpmApple, and SHRIMP. Under high intensity blue laser illumination,
SHRIMP does not show detectable photoactivation while HyPerRed exhibits notable
photoactivation behavior, which may result from the photophysical property of the FP template
cpmApple. Although these effects may be minimized by reducing blue-light intensity, SHRIMP
provides an alternative to overcome this limitation and could be a more robust tool for in vivo

study in combination with green/blue illumination biosensors.

We also, for the first time, circularly permutated mScarlet to a cpFP scaffold and use it as
readout modality to create a genetically encoded redox biosensor. With similar circular
permutation sites as cpmApple, our hydrogen peroxide biosensor SHRIMP demonstrates that the
fluorescence intensity of cpmScarlet is sensitive to the fused protein changes on its N- and C-
termini. For prospects, cpmScarlet can be a potential feasible template to construct single-FP
GEFIs. The most direct example is to fuse CaM and M13 with cpmScarlet to build a Ca?* indicator

with minimized photoactivation.

Besides single-FP GEFIs, cpmScarlet is also appealing for FRET sensor development,
serving as a donor or acceptor. FRET efficiency can be affected by the distance or the relative
orientation of dipole moments between acceptor and donor FPs, which can be modulated through
the utility of cpFPs.% cpFP variants, such as cpVenus and cpTFP1, have been optimized to develop

FRET Ca?* or kinase biosensors.®®" However, all of these utilization are based on the canonical
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CFP-YFP FRET pair, which has apparent limitation such as short-wavelength excitation-induced
phototoxicity, autofluorescence and biological sample scattering, photobleaching properties of
YFPs and spectral cross-talk. 2 ™ Thus, GFP-RFP FRET pair could potentially overcome these
limitations. Both mScarlet and mScarlet-1 have been explored to use as acceptor in FRET
biosensors. 4% > 76 We believe that cpmScarlet will be a valuable asset, as a donor or acceptor, for

developing new FRET biosensors.

In summary, we first circularly permutated the brightest RFP to create a cpomScarlet, which
then became the fluorescence readout modality of a genetically encoded red fluorescent hydrogen
peroxide biosensor (SHRIMP). We characterized it in vitro, in cultured mammalian cells and in
biological tissues for imaging chemically induced and physiologically relevant hydrogen peroxide
generation. SHRIMP has also been demonstrated for multichannel imaging with green calcium
indicator in mammalian cells. This work provides insights for expanding usage of new cpFP
variant for further development of GERIs, which is expected to enable new studies in various

signaling or pathological conditions.
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Chapter 5 Development and characterizations of a redox-active far-red biosensor

for live cell imaging

5.1 Introduction

Reactive oxygen species (ROS), such as superoxide anion (O2), hydrogen peroxide (H20)
and hydroxyl radical (HO¢), are actively involved in various physiological signaling and immune
response. One well-known example is that phagocytes can produce oxidative burst through NOX2
NADPH-oxidase to eradicate pathogens. * 2 On the other hand, overproduction of ROS leads to
oxidative stress, which can react with and damage biological components such as DNA, protein or
lipids.® Accumulation of ROS has been associated with the initiation and progression of many
pathological processes, including cancer, neurodegeneration and respiratory stress.*®
Understanding the mechanism of redox activities in the live cells would be crucial for unveiling
the causes of diseases, leading to the development of potential therapeutics. Therefore, there is a
strong demand to create effective tools for tracking and monitoring redox real-time dynamics

within the natural cellular environment.

Genetically-encoded fluorescent redox indicators (GERIs) have emerged as powerful tools
for detecting redox molecules in living cells due to several advantages over other detection
methods. Compared to the enzymatic assays, which require cell lysis procedure, GERIs can be
expressed under natural cellular milieu, minimizing the possibility of artifacts or disruption to the
system being studied. Secondly, GERIs can provide real-time dynamics of redox signaling with
high spatial and temporal resolution. GERIs can also be targeted to specific cell type or be readily

localized to various subcellular compartments by fusing promoters/localization sequences to the
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termini. Moreover, GERIs are easily modifiable and can be adapted across different study systems

since they existed as plasmids or viral vectors.

One simple but robust strategy to generate GERIs was incorporating cystine pairs to
appropriate locations of a single fluorescent protein (FP) scaffold. The surrounding redox
environment can cause the cysteine residues to form intramolecular disulfide bonds, which
subsequently results in the confirmational change of the FP.% °® The conformational change of FP
would further modulate the photophysical properties, such as fluorescence intensity and spectrum
or lifetime, of the chromophore. Thus far, a series of GERIs with different colors have been
generated with this design strategy. &' The cysteines residues were introduced to different
locations, in proximity to chromophore, of wild-type (wt) yellow FP (YFP) and green FP (GFP)

to generate rxYFP and roGFPs for general redox status measurement. 8 °

Compared to shorter wavelength emitting FPs, such as GFP or BFP, red and far-red
emitters are favorable for imaging live specimens, specifically for whole-animal imaging. Firstly,
illuminating biological samples with long-wavelength emitters can markedly lower the cytotoxic
effects to maintain the samples in a healthier condition. Secondly, the red and far-red spectrum are
ideal for maximal penetration of cells and tissues because they fall within the ‘optical window’,
ranging from 600 to 1200 nm, where the endogenous absorbers display least light absorption.?
Moreover, GERIs in longer wavelength can provide an additional channel for multi-parameter

imaging with good signal-to-noise ratio due to the reduced scattering and autofluorescence.

Our group previously expanded the color palette to longer wavelength region by creating
redox-active red FPs (rxRFPs). Instead of introducing cysteine pairs into the surface of a wt-FP,
we attached cysteine residues to the C- and N- termini of a circularly-permutated (cp) RFP and the

sensor properties were tuned by adjusting the amino acids adjacent to the active cysteines. 1%

175



Based on our previous work, we are seeking to further expand the spectrum of redox-active single
FP to the far-red region. We previously identified five circularly-permutated far-red FPs (FrFPs)
based on the two bright FrFPs mMaroon1 (NCBI GenBank KX874478)'% and mCarmine (NCBI
GenBank MH062789).1* > Among these mutants, cpomMaroon185-186 was utilized as readout
modality to generate a genetically-encoded far-red indicator for detecting synaptically released
Zn?* (FRISZ).® In this study, we generated a redox-active FrFP, rxcomMaroon1, via engineering
the FRISZ to tune the fluorescence change in response to redox change. We performed in-vitro
characterizations of rxcpomMaroonl and applied it into different compartments to monitor the

redox status of mammalian cells.

5.2 Methods and Materials

5.2.1 Reagents and General Methods

All chemicals were purchased from Thermo Fisher Scientific. Synthetic DNA oligos were
purchased from Integrated DNA Technologies (IDT) or Eurofins Genomics. Restriction enzymes
or other molecular biology reagents were purchased from Thermo Fisher Scientific or New
England Biolabs. DNA sequences were analyzed by Eurofins Genomics. Absorbance and
fluorescence spectra measurements were collected with a monochromator-based BioTek Synergy

Mx Microplate Reader.

5.2.2 Engineering and Evolution of rxcpomMaroonl and rxcpmMaroon2

Zinc hook domain were truncated with the active cysteine maintained. Next,
oligonucleotides with degenerated codon were utilized to build library for optimizing the linker

between active cysteines and cpmMaroon185 to achieve redox sensitivity. The amino acids
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adjacent to the inserted active cysteines were then mutated by using oligonucleotides with
degenerated codons. Last, error-prone based directed evolution was performed to further optimize
the redox response. Take rxcpmMaroonl as an example. First, oligonucleotides 1C-2NNK-F and
pBAD-cpmMaroon-R were used to build library for optimizing linker between truncated hook
domain and cpomMaroon185. The amplified insert was digested with Xho I and Hind 111 and ligated
to a compatible pBAD/His B vector via T4 ligase. The ligation product was transformed into E.
cloni® 10G competent cells and the cell culture was plated on a 2xYT agar plates supplemented
with 100 pg/mL ampicillin and 0.02% (w/v) L-arabinose for incubation at 37 °C overnight. The
next day, colonies with relatively good brightness under a customized imaging system*® were
selected to inoculate into a 96 deep well plate with each well containing 1 mL 2xYT supplemented
with 100 pg/mL ampicillin. Cells were grown at 37 °C, 250 rpm for ~8 hr, and 0.2% (w/v) L-
arabinose was added to each well to induce the protein expression. The cell culture was first
incubated at room temperature, 250 rpm overnight and then transferred to 16°C, 250 rpm for
another 48 h. Cells were pelleted by centrifugation the plate at 3000 xg for 20 minutes and lysed
with 300 puL Bacterial Protein Extraction Reagents (B-PER) on ice to get the cell lysate. The
fluorescent intensity (excitation at 610 nm and emission at 660 nm) of each cell lysate with or
without DTT addition was examined using a BioTek Synergy Mx Microplate Reader. Second,
after identifying a mutant with some redox response, oligonucleotides 1XC-F/1CX-F and pBAD-
cpmMaroon-R were used to adjust the amino acid next to the active cysteines. Last, the best mutant
was selected for further directed evolution with oligonucleotides pBAD-F and pBAD-R. Different
libraries were all cloned and screened as above-mentioned protocol. Similar engineering process
was applied to generate rxcpmMaroon2 with different pairs of oligonucleotides. Oligonucleotides

pair 2C-2NNK-F and 2C-2NNK-R were used for linker optimization of rxcpmMaroon2.
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Oligonucleotides 2XC-F/2CX-R and 2CX-F/2XC-R were used to mutate and screen the amino
acids adjacent to the active cysteines. Last, pPBAD-F and pBAD-R were used for directed evolution

of rxcomMaroon2. All oligonucleotides were listed in Table 5.1.
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Table 5.1  Oligonucleotides used in this study.

Primers

Sequence 5°- 3’

1C-2NNK-F

ctcgagaccactgtgctatgctgaattaacagatnnknnkaagaaacccgcaaag

pBAD-cpmMaroon-R

aagcttatttcttggatctgtatgtggtt

1XC-F ctcgagaccannktgctatgctgaattaacagatagtagtaagaaacccgcaaag
1CX-F ctcgagaccactgtgcnnkgctgaattaacagatagtagtaagaaacccgcaaag
2C-2NNK-F ccgagctcgagaccagtatgcggtgctgaattaacagatnnknnkaagaaacccgcaaa
2C-2NNK-R gccaaaacagccaaagcttacacagggcacttacctttagcactmnnmnntttcttgga
2XC-F ccgagctcgagaccannktgcggtgctgaattaacagat

2CX-R cgccaaaacagccaagcttacacagggcgmnnacatttag

2CX-F ccgagctcgagaccagtatgennkgctgaattaacagat

2XC-R cgccaaaacagccaagcttacacagggcgtttacamnnagc

pBAD-F atgacgataaggatccgagctcgag

pBAD-R ctcatccgccaaaacagccaaagctta

pcDNA3-rxcpmMaroonl-F1

cgataaggatccgagctcgagaccactgtgctatgctgaattaac

pcDNAS3-rxcpmMaroonl-R1

ctatagaatagggccctctagattatttcttggatctgtatgtggtt

pcDNAS3-rxcpmMaroon2-F2

atccgagctcgageccagtatgeggtgctgaattaac

pcDNA3-rxcpmMaroon2-R2

tagaatagggccctctagattacacagggcacttacctttage

pMito-rxcpmMaroonl1-F1

atccattcgttgggggataccggtcatcatcatcatcatcatggtatgge

pMito-rxcpmMaroonl-R1

tacgactcactatagttctagaggctcgagttatttcttggatctgtatgtggttt

pMito-rxcpmMaroon2-R2

taatacgactcactatagttctagaggctcgagttacacagggcacttaccttt
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5.2.3 Protein expression and purification

pBAD-rxcpmMaroonl or pBAD-rxcpmMaroon2 plasmid was transformed into E. cloni®
10G competent cells (Lucigen) and the cell culture was subsequently plated on 2xYT agar plates
supplemented with 100 pg/mL ampicillin and 0.02% (w/v) L-arabinose. The plates were incubated
at 37 °C overnight and a single colony was next selected to inoculate a 5 mL 2xYT starter culture
supplemented with 100 pg/mL ampicillin. The starter culture was incubated at 37 °C with shaking
at 250 rpm overnight, followed by a 100-fold dilution into 500 mL 2xYT supplemented with 100
pug/mL ampicillin. When the optical density at 600 nm (ODeoo) reached around 0.6, a final
concentration of 0.2% (w/v) L-arabinose was added to induce the protein expression. The culture
was shaken 250 rpm at room temperature for 24 hr and next moved to 16 °C and 250 rpm for
another 48 h. Bacterial cells were then collected by centrifugation at 4150 xg for 20 min. The cell
pellet was resuspended in 1x phosphate-buffered saline (PBS, pH 7.4) and sonication was
performed to lyse the cells. After removing the cell debris by centrifuge at 15000 xg for 30 min at
4 °C, the His6-tagged protein purified via Ni-NTA agarose beads (Genesee Scientific) according
to the manufacturer’s instructions. The eluted proteins were further applied to a size-exclusion

HiLoad 16/600 Superdex 200 pg column (Cytiva) and eluted with 1x PBS (pH 7.4).

5.2.4 In vitro characterization

Protein concentration was determined via the alkali denaturation method. Excitation and
emission spectra of 1 UM purified protein in 1 x PBS (pH 7.4) were recorded respectively. To
record excitation spectra, the emission wavelength was set at 660 nm, and the excitation spectrum
was scanned from 500 to 640 nm. Similarly, the excitation wavelength was set at 590 nm, and the

emission spectrum was scanned from 610 to 780 nm. mMaroonl (QY = 0.11) was used as the
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reference and quantum yields were determined according to a published protocol.*” To fully reduce
the protein, concentrated proteins (10 uM) was incubated with 10 mM DTT in sealed
microcentrifuge tubes and stored in a oxygen-free dome at room temperature overnight. The
fluorescence intensity after DTT overnight treatment was compared with fully oxidized purified
protein to achieve the maximal redox dynamic change. To determine the pH-profile of purified
protein, a series of liquid buffer (200mM citric acid and 200 mM boric acid) with pH within 3-10
were incubated with 1 uM purified protein. The fluorescence intensities were recorded using the
BioTek Synergy Mx Microplate Reader. Fluorescence intensities at each pH value were recorded
with excitation set at 610 nm and emission at 660 nm. The fluorescence intensities were plotted
against different pH values. To determine the redox titration of purified protein to the GSSG/GSH
mixtures, 1 UM of protein was incubated with oxidized glutathione (1 — 2000 uM) mixed with
reduced glutathione (1 — 100 mM) in sealed microcentrifuge tubes at RT. Next, fluorescence
intensity endpoints were measured on the microplate reader with excitation and emission

wavelength set at 610 nm and 660 nm respectively.

5.2.,5 Construction of mammalian cell expression plasmid

Oligonucleotides pcDNA3-rxcpmMaroonl-F1 and pcDNA3-rxcpmMaroonl-R1 were
used to amplify rxcomMaroonl from the plasmid pBAD-rxcpmMaroonl. The amplified product
was Gibson assembly into a compatible pcDNA3 vector predigested with Xho | and Xba I. To
attach mitochondria localization sequence (MLS) to the N-terminal of rxcpmMaroonl,
oligonucleotides pMito-rxcpomMaroonl-F1 and pMito-rxcpmMaroonl-R1 were utilized to
amplify rxcomMaroonl insert from corresponding pcDNA3 plasmid. The amplified product was

ligated with a pCS2+ vector predigested with Age | and Xba | via T4 ligase. The pcDNA3- or
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pMito-rxcpmMaroon2 was prepared as the same procedure with oligonucleotides pcDNA3-
rxcpmMaroon2-F2 and pcDNA3-rxcpmMaroon2-R2 or pMito-rxcpmMaroonl-F1 and pMito-

rxcpmMaroon2-R2 (Table 5.1).

5.2.6 Imaging redox response in cultured mammalian cells

Human Embryonic Kidney (HEK) 293T cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) at 37 °C with 5% CO» humidified
air. Cells were seeded into 35 mm culture dishes and mammalian cell expression plasmids were
transfected at 70% confluency. For set up the transfection reaction, 3 pg of plasmid DNA was
mixed with 9 pg of PEI (polyethylenimine, linear, M.W. 25kD) following manufacture’s
instruction. Cells were imaged in 1x Dulbecco’s Phosphate Buffered Saline (DPBS) with 1 mM
Ca?*, 1 mM Mg?* 48 hr post-transfection. For time-lapse series, aldrithiol-2 was added to the cells
and the fluorescence signals were recorded with Leica DMi8 microscope equipped with a
Photometrics Prime 95B Scientific CMOS (complementary metal-oxide semiconductor) camera.
through a Cy5 filter set (Iridian, catalog no. FFS000008), which contains a 628/40 nm band-pass

excitation filter and a 692/40 nm band-pass emission filter.

5.3 Results and Discussion

5.3.1 Engineering redox-sensitive far-red fluorescent biosensor

Inspired by our previous development of a far-red Zinc sensor by fusing the circularly-
permutated far-red protein (cpmMaroon185),'® we speculated that cpmMaroon185 can be tuned
to be a redox-active far-red biosensor via protein engineering. We first truncated the zinc hook

domain in FRISZ to minimize the zinc response but still maintain the active cysteine residues. Two
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versions were initially generated. One version was created by fusing cpomMaroon185 with a single
truncated hook domain at its N-terminus. The other version was built by fusing two truncated hook
domains at the N- and C- terminus of cpomMaroon185 respectively (Figure 5.1A). After obtaining
two parental mutants, we utilized degenerate codon to build libraries for screening the linker
between truncated hook domain and cpmMaroon185. The fluorescence intensity of protein crude
lysate with or without DTT were measured. We identified two promising variants, showing ~114%
and 150% fluorescence increase respectively upon oxidation (Figure 5.1A). With the initial
success, we further engineered the amino acids adjacent to the active cysteine residues to adjust
the environment around the cysteine. One residue at each end of active cysteine was fully
randomized to build library for screening. The mutant with good brightness and improved
fluorescence change was selected for next stage engineering. Last, we performed error-prone
polymerase chain reaction (EP-PCR)-based directed evolution to screen for variant with better
brightness and greater response to DTT addition. After several rounds of directed evolution, we
identified two variants with enhanced fluorescence change. We termed one variant rxcomMaroonl
which presented ~150% fluorescence turn-on when fully oxidized. The other variant was nhamed

rxcpmMaroon2 with ~200% fluorescence increases in the fully oxidized state (Figure 5.1A).

We then aligned the sequence of rxcpmMaroonl and rxcpmMaroon2 to their
corresponding parental variants. As to rxcpomMaroonl, the linker between truncated hook domain
and cpmMaroon185 changed from Gly-Ser to Ser-Ser and 2 mutations were gained through the
engineering process. As to rxcpmMaroon2, the linkers were maintained the same as FRISZ while

6 mutations were gained via the sensor development (Figure 5.1B).
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5.3.2 Invitro characterizations of rxcpmMaroonl and rxcpmMaroon2

Both rxcpomMaroonl and rxcpmMaroon2 were purified for in-vitro characterizations of
their redox properties. At pH 7.4, rxcomMaroonl displayed an excitation peak at 610 nm and
emission peak at 650 nm. The fluorescence intensity at the oxidized status were ~2-fold higher
than that of the reduced status (Figure 5.2A). Similarly, rxcomMaroon2 showed maximal
excitation peak at 610 nm and emission peak at 660 nm in both oxidized and reduced state. The
fluorescence intensity of rxcpmMaroon2 increased a maximal ~3-fold when it was fully oxidized
(Figure 5.2D). Both redox-active far-red biosensors maintained the similar fluorescence spectra

properties as mMaroonl, the parental mutant for creating comMaroon185.

We next measured the pH profile of both oxidized and reduced rxcpmMaroonl under
buffer ranging from 3-10. We derived the apparent pKa value as 8.0 for both states (Figure 5.2B).
The apparent pKa of rxcomMaroon2 for both redox states were also derived as 8.2 from its pH
profile (Figure 5.2E). The apparent pKa of rxcomMaroon1/2 were higher than mMaroonl (pKa
6.2)** and their fluorescence intensity were sensitive to the pH change around the physiological

range (~pH 7.4), which is similar to the pKa of cpomMaroon185 (pKa 7.7).%°

We then further perform redox titration to measure the fluorescence response of
rxcpmMaroon1/2 to a series of reduced/oxidized glutathione (GSH/GSSG) buffers with different
redox potentials (Figure 5.2C & F). Purified rxcpmMaroon1/2 was incubated with a collection of
GSH/GSSH mixture for 20 min at room temperature to achieve equilibration at pH 7.4.

Fluorescence intensities were plotted against different [GSH]?/[GSSG] ratios.

The apparent equilibrium constant for the oxidation reaction (Kox) was derived from the

redox titration curve. The Kox for rxcomMaroonl and rxcpmMaroon2 were determined as 0.16 M

185



and 0.45 M respectively. According to the GSH/GSSG redox pair standard redox potential of -264
mV at pH 7.4,'® the midpoint redox potential of rxcomMaroonl and rxcpmMaroon2 were
determined to be -264 mV and -299 mV at pH 7.4. These values were comparable to the previous
reported redox-active fluorescent protein biosensors.'® '° Compared to rxYFP, roGFPs and
rXRFPs,'% 1° rxcomMaroon1/2 have further red-shifted spectrum and allow for reduced biological
sample autofluorescence, enhanced tissue penetration and lower cytotoxicity. They also provide

an additional channel for integration into multicolor imaging.
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Figure 5.2 In vitro characterizations of rxcomMaroonl and rxcpmMaroon?2.

(A & D) Fluorescence spectra of rxcomMaroonl in fully oxidized (blue) and fully reduced (grey)
state or rxcpmMaroon2 in fully oxidized (orange) and fully reduced (black) state. Solid line
represents excitation spectrum and dotted line represents emission spectrum. (B & E) pH profile
of oxidized (blue) and reduced (grey) rxcpmMaroonl or oxidized (orange) and reduced (black)
rxcpmMaroon2. (C & F) Redox titration curve of rxcomMaroonl1(blue) or rxcpmMaroon?2 (orange)
with mixture of reduced and oxidized glutathione.
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We also measured the fluorescence properties of these two redox-active far-red biosensors
(Table 5.2). The oxidized rxcpmMaroonl displayed similar brightness as cpomMaroon185. The
quantum yield and extinction coefficient of rxcpomMaroonl both changed when turning from
oxidized state to reduced state. As to rxcpmMaroon2, it is much dimmer compared to
rxcpmMaroonl. The greatest brightness of oxidized rxcpmMaroon2 was only 16% of oxidized
rxcpmMaroonl, and only 9% of mMaroonl. The reduced rxcpmMaroon2 was even 3-fold dimmer
than the oxidized state. And the preliminary test of both sensors in mammalian cells showed that
rxcpmMaroon2 was difficult to detect even after 48-72hr transfection (data not shown). Therefore,

we decided to perform following mammalian cell imaging only with rxcomMaroonl.

188



Table 5.2  Fluorescent properties of rxcpomMaroonl and rxcpmMaroon?2.

Protein Redox Quantum Extinction Brightness® Midpoint
State Yield (®)?2 Coefficient (g, potential
mM-1 cm1) ab (mV)d
rxcpmMaroonl | Oxidized | 0.12 42.8 5.14 -264 mV
Reduced | 0.08 30.7 2.46
rxcpmMaroon2 | Oxidized | 0.032 25.7 0.82 -299 mV
Reduced | 0.011 225 0.25

a Values are measured at pH 7.4. b the concentration was measured by using alkaline denaturation
method. ¢ product of @ and €. d Derived from fluorescence measurements of proteins equilibrated
with a series of GSH and GSSG mixture.
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5.3.3 Mammalian cell imaging of rxcomMaroonl in cytosol and mitochondria of HEK 293T

To assess the performance of rxcpomMaroonl in mammalian cells, we first transiently
transfected pcDNA3-rxcpmMaroonl in HEK 293T cells. Bright far-red fluorescence was observed
in cytosol after 48 hr transfection, indicating the successful formation of chromophore in cultured
mammalian cells. Next, a cell-permeable oxidant, aldrithiol-2 (500 uM) was added to stimulate
the rxcpmMaroonl-expressing cells. The fluorescence intensity increase ~25% within 2 min and
maintained at that level during the whole imaging period (Figure 5.3A and 5.3B). We also
localized rxcpmMaroonl into the mitochondria of HEK 293T cells by attaching repetitive
mitochondrial localization sequence (MLS) to its N-terminus. Bright far-red fluorescence in
mitochondria was also detectable under fluorescence microscopy with Cy5 filter. However, the
fluorescence change pattern in response to aldrithiol-2 in mitochondria was different to that of
cytosol. The fluorescence increased ~30% within 5 min and then decreased gradually (Figure 5.3C
and 5.3D). We speculated that this different performance may due to the different basal redox
potential of cytosol and mitochondria.'® Since mitocondria is a more reducing compartment
compared to cytosol, rxcomMaroonl may not be able to stay at the fully oxidized status in the

mitochondria. As a result, the fluorescence decrease gradually after initial escalation.
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Figure 5.3 Mammalian cell imaging of rxcpomMaroon1 in different subcellular
compartments.

(A & C) Time-lapse pseudocolored fluorescence response of HEK 293T cells expressing cytosol
or mitochondrial localized rxcpmMaroonl in response to 500 uM aldrithiol-2. Scale bar, 10 um.
(B & D) Time course of fluorescence response (F/Fo) of HEK 293T cells transfected with
pcDNA3-rxcpmMaroonl or pMito-rxcpomMaroonl in response to aldrithiol-2 treatment.
Fluorescence intensities were normalized to the values of cells at t = 0 min. Data displays the mean
+ s.e.m. of 9 cells from triplicates. Arrow indicates the time point of aldrithiol-2 treatment.
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5.4 Conclusions

Our previous work has expanded the redox-active single fluorescent protein to the red
fluorescence spectrum. In this work, we further expanded the current collection to an even longer
wavelength region. We developed a novel far-red redox-active fluorescent sensor, rxcomMaroonl
by fusing truncated hook domain containing active cysteine to the N-termini of a circularly
permuted far-red fluorescent protein (cpmMaroon185). Degenerate codon was used to optimize
the linkers between active cysteine and cpomMaroon185, and adjust the amino acid close to the
active cysteine. We also performed directed evolution to optimize the protein expression,
brightness and responsiveness. The best mutant displayed ~2-fold fluorescence enhancement upon
oxidation and was applied to living mammalian cells to detect the redox changes. The fluorescence
changes in different subcellular compartments presented different patterns. Therefore, redox
dynamics of various subcellular domains may be monitored simultaneously by combination of
rxcpmMaroonl and redox-active fluorescent proteins of other colors. Besides, rxcpmMaroonl
provides an additional channel for multiparameter imaging in living cells. Moreover,
rxcpmMaroonl can be fused with redox-enzyme or other redox sensory domain to build up diverse
redox biosensor for specific redox molecules, such as glutathione, thioredoxin and hydrogen
peroxide. Taken together, this work is critical for expanding the color palette of genetically
encoded single fluorescent protein-based redox probes, and we expected that it can further

facilitate new studies in redox biology.
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Chapter 6 Summary and Perspectives

Genetically encoded redox indicators (GERIs) have gained popularity for illuminating
spatiotemporal regulation of redox signaling processes. Different design strategies and engineering
methods have been employed to develop diverse GERIs. The most simple and robust strategy is
to introduce a pair of active cysteine residues to the surface of a single fluorescent protein (FP)
scaffold. The redox reaction of the thiol groups can lead to the confirmational change of the FP,
leading to the subsequent modulation of the FP biophysical properties.t 2 However, GERIs
developed via this strategy often present limited specificity to different analytes. An alternative
design strategy was utilized to overcome this drawback. Instead of incorporation cysteine pairs, a
redox-active enzyme was fused with a redox-active FP through a linker. The redox relay connects
the redox status of the redox-active enzyme with the fused FP. GERIs display specificity to
glutathione, thioredoxin and hydrogen peroxide have been developed with this strategy. *°
Another efficient strategy to develop GERISs is to utilize the genetic code expansion technology to
introduce noncanonical amino acids (ncAAs) into specific site of FPs. The functional groups of
the ncAAs provide the specificity of the indicator to the analytes of interest.5° In addition to the
abovementioned strategies, GERIs have also been generated via fusing a redox sensory domain of
a specific analyte with a circularly permutated FP (cpFP). Several GERIs for monitoring hydrogen
peroxide!®** or nicotinamide adenine dinucleotide (NAD*/NADH) redox couple® were created
by using this strategy. All these strategies expanded the collection of current GERIs and provides

more powerful tools to further study the redox biology of living organisms.

In chapter 2, | successfully developed a second generation thioredoxinl (Trx1) redox
indicator—TrxRFP2. Our lab previously developed a Trx1 indicator — TrxRFP1 by fusing human

Trx1 (hTrx1) enzyme with redox-active cp red FP (rxRFP1) via a Gly-Ser rich floppy linker. Based
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on this version TrxRFP1, | performed directed evolution to create random mutagenesis libraries
and screened the libraries with enzymatic assay for greater dynamic change. TrxRFP2 exhibited
faster kinetics and greater fluorescence change compared to TrxRFP1 in vitro and in mammalian
cells in response to chemical-induced Trx redox change. Using the similar engineering strategy, |
fused mitochondria-specific Trx enzyme (hTrx2) with a redox-active red FP (rxRFP1.1) to
generate a novel Trx indicator—MtrxRFP2. MtrxRFP2 responded more quickly with greater
dynamic change than TrxRFP1 when localized in mitochondria. All these three GERIs became a
powerful toolset for Trx redox signaling. They can be utilized with other GERIs of different colors

for multicolor imaging of different redox parameters.

In chapter 3, | described a red fluorescent redox indicator for peroxynitrite (ONOO")
detection. This indicator was generated by incorporating the ncAA, p-boronophenylalanine (pBoF),
into the site localized in proximity to the chromophore of a cp red FP (cpRFP). The resultant
indicator pnRFP showed ~ 5-fold of fluorescence decrease in response to ONOO" in vitro. When
applied to mammalian cell culture, pnRFP also presented good response to ONOO™ generation
caused by chemical and physiological-relevant stimulation. Further, the mechanism of ONOO"
response has been investigated with X-ray crystallography and NMR. Development of pnRFP
expands the color of genetically encoded peroxynitrite biosensors red fluorescence spectrum. It
also provides insight into the design strategy of ncAA-based FP redox biosensors. Instead of
directly introducing ncAAs to modify the chromophores of FPs, ¢° modifying chromophore-
surrounding residues with ncAAs has now proven to be another usable strategy for turning FPs to
redox biosensors. This work may provide inspiration to tuning the chemoreactivity of biosensors

via different ncAA incorporation.
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| described a novel genetically encoded red hydrogen peroxide (H202) biosensor in chapter
4. Starting from wild-type (wt) mScarlet-I, | first created a circularly permutated variant —
cpmScarlet, showing good brightness and similar fluorescence spectrum as the parental mScarlet-
I. Next, two H202 sensory domains OxyR were fused to the N- and C-terminus of cpmScarlet
respectively. | then constructed saturated mutagenesis library to optimize the linkers between
OxyR domains and cpmScarlet. Moreover, directed evolution was deployed to screening greater
brightness and fluorescence change. The protein engineering process resulted a circularly
permutated mScarlet-based genetically encoded hydrogen peroxide red fluorescent indicator with
high brightness and minimal photoactivation (SHRIMP). SHRIMP displayed a dose-dependent
response to H>O> with a maximal 5-fold fluorescence increase. The photophysical properties test
indicated that SHRIMP had minimal photoactivation compared to cpmApple-based biosensor.
SHRIMP was transfected into different mammalian cell lines as well as isolated tissue to monitor
the H.O> generation in biological samples. | also verified the application of SHRIMP in
combination with green fluorescent biosensor for multiple parameters imaging in living cells. With
minimal blue-light photoactivation, SHRIMP could be a robust tool for in vivo study in
combination with channelrhodopsin-based optogenetics or other green/blue illumination
biosensors. In addition, this work proved cpmScarlet to be a usable readout modality for the
development of GERIs. We expect it to be a valuable asset for developing not only single FP-

based genetically encoded indicators but also FRET biosensors.

In chapter 5, | developed a redox-sensitive far-red fluorescent biosensor — rxcpmMaroonl
for live cell imaging. rxcomMaroonl was adapted from a far-red zinc biosensor via effective
protein engineering processes, including saturated mutagenesis, site-specific mutagenesis and

random mutagenesis. The attached active cysteine residues at its N- and C-terminus tuned
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cpmMaroon185 to be sensitive to the environmental redox changes. | applied rxcpomMaroonl to
different subcellular compartments of mammalian cells to detect real-time redox dynamics in
response to chemical stimulation. This work further expanded the color palette of redox-active
single FP to more red-shifted spectrum range. Further work could be performed to enhance the
fluorescence dynamic range of this biosensor as well as fusing it with redox-active enzyme to

create redox-relay based GERIs.

To summarize, my work has greatly expanded the library of current GERIs. With extended
emission wavelength to red and far-red spectrum range, live cell or in vivo imaging of redox
dynamics can be achieved with lower cytotoxicity, reduced sample scattering as well as better
tissue penetration. The expanded color palettes allow multicolor imaging to monitor different
parameters simultaneously, allowing a more far-reaching understanding of cellular signaling

pathways and their cross-talking.
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