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ABSTRACT
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Committee Chair: Mathew Tantama, PhD.

Live-cell imaging with fluorescent protein-based sensors allows us to monitor many dynamic
changes in situ. The first genetic manipulation of green fluorescent protein to increase brightness
initiated a boom, with a myriad of fluorescent protein sensors now available that span the UV,
visible and near-IR range; capable of detecting a great number of metabolites, ions, and other
biological signaling components with increased spatial and temporal precision. Used for both
steady-state and time-resolved approaches, fluorescent proteins can be used in a wide variety of
quantitative approaches. Steady-state sensors are typically characterized as intensiometric or
ratiometric; and intensiometric sensors are characterized by an increase or decrease in emission
intensity in response to analyte. However, moving in vivo, concentration and intensity dependence
of the fluorophore, sample thickness, and photobleaching are limiting factors. Ratiometric probes
respond by an inverse change in excitation or emission profiles in response to analyte, normalizing
for bleaching or protein expression effects. As an intrinsic property of fluorophores, fluorescence
lifetime does not rely on protein concentration, method of measurement or fluorescence intensity.
By monitoring changes in lifetime using fluorescence lifetime spectroscopy, no special ratiometric
fluorophores are needed, opening up a wider selection of potential fluorescent sensors. Lifetime
and other time-resolved approaches are becoming more and more popular due to ease of
quantitation and increased signal to background. Here we present the in vitro and live-cell
characterization of genetically encoded, ratiometric and lifetime optimized red fluorescent protein
pH sensors, a methodology for quantifying receptor trafficking in real time, as well as a lanthanide

time resolved imaging approach.
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CHAPTER 1. INTRODUCTION

1.1 Fluorescent proteins are biologically compatible sensors

Optimized for use in applications from in vitro assays to physiology, fluorescent proteins
can be localized to measure biological dynamics both qualitatively and quantitatively'?. A
fluorescent protein is most commonly described as a protein with a fluorescent chromophore
protected by an 11-stranded beta-barrel structure (Figure 1). This hallmark beta-barrel
configuration is extremely important, and provides resistance to changes in environment, allowing
continued fluorescence even in the presence of salts, denaturants, temperature fluctuations or other
factors®4. Thus, fluorescent proteins are inherently chemically stable, however, continual
optimization is ongoing to fulfill other experimental requirements. Ideally, a fluorescent biomarker
would also have sufficient brightness, efficient delivery to the target of interest, high affinity and/or
specificity, as well as discretely and uniquely signal events with minimal background. Perhaps
most importantly, a fluorescent biomarker should not interfere with the environment being studied.
Compared to organic dyes or other exogenous fluorophores, fluorescent proteins are easily
genetically encoded, and in many cases do not impede the function of the target of interest or
disrupt the local environment®®. This high biocompatibility has made them indispensable in life
sciences research, proven by the sea of established protocols showing expression of a target protein

tagged with fluorescent proteins allows for labeling of almost any protein of interest in the cell”.

N-terminus

Figure 1 Green Fluorescent Protein (GFP) shows the canonical protein scaffold.
A tripeptide chromophore is contained and protected by a g-barrel structure.
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Broadly speaking, fluorescent proteins (FPs) are often classified as intensiometric or
ratiometric based on signal output®. Intensiometric FPs show a change in fluorescence intensity in
response to an environmental change. Although a single excitation and emission peak provides
room spectrally for multiplex imaging with other colored sensors, a change in fluorescence
intensity does not account for protein expression levels or photobleaching effects. Ratiometric
probes contain duel excitation or emission profiles that change inversely in response to a change
in environment. For example, in response to changes in redox environment, the ratiometric protein
sensor roGFP shows an increased 400 nm excitation peak in oxidizing conditions and an increased
480 nm excitation peak in reducing conditions®. Thus, dual peaks that inversely change with
environmental changes can be exploited to normalize for expression or any bleaching artifacts.
However, ratiometric FPs require more expansive use of an optical window and can limit co-

localization and detection with other FP sensors.

1.2 Sensor Designs

Fluorescent proteins have been engineered to sense a myriad of biological parameters such
as pH, ions, and metabolites® 1. Sensing of these biologically relevant molecules happens one of
three distinct ways: 1) By utilizing the intrinsic fluorescent properties of the protein 2) Appending
an analyte sensitive domain to a fluorescent protein or 3) Tethering two fluorescent proteins
together via a linker for Forster resonance energy transfer (FRET). In FRET based sensors, two
spectrally compatible fluorescent proteins are linked in such a way that distance between them is
altered in response to an analyte. As energy transfer between a ‘donor’ FP and an ‘acceptor’ FP is
only efficient in close proximity and in correct orientation, after donor excitation, the output of
acceptor fluorescence relative to the donor can be a quantitative measurement of biological
molecules of interest (Figure 2C)*213, Fluorescent proteins with engineered sensing domains have
also been used extensively; circularly permuting the beta-barrel structure can provide controlled
fluorescence quenching. Due to solvent-induced non-radiative energy decay after chromophore
excitation, an opening in the barrel will decrease fluorescent output. After binding to the ligand,
binding domains on circularly permuted FPs undergo conformational changes so that access by

solvent into the barrel is restricted, providing increased fluorescence output. For example, a
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calmodulin/M13 domain is engineered onto the circularly permuted termini of GFP to create the
calcium sensitive GCaMP family (Figure 2B)'415,
A B C

acidic
M3

PH + Ca?* 8¢ +ATP A

| |
M13
alkaline

Figure 2 Fluorescent protein sensors can be broadly categorized three ways.

A) Fluorescence output is determined by the intrinsic characteristics of the protein in response to
its environment. For example, a change in pH to more alkaline conditions deprotonates the
chromophore causing an increase in fluorescence. B) Appending a sensing domain to the barrel
induces solvent quenching of fluorescence except in the presence of the analyte. For example,
introduction of Ca?* to fluorescent proteins with a Calmodulin/M13 Calcium sensing domain
shows an increase in fluorescence in the presence of calcium due to closure of the beta barrel after
a Ca?* induced conformational change. C) The termini of two fluorescent proteins are fused to a
sensing domain. When in close proximity, fluorescence is non-radiatively transferred to the
acceptor. For example, in the presence of ATP, the ATeam FRET sensors bind to the nucleotide,
causing a conformational change, bringing the two fluorescent proteins in close enough proximity
for FRET to occur?.

Perhaps the simplest method is utilizing the intrinsic properties of the fluorescent protein
itself. For example, all fluorescent proteins are pH sensitive to varying extents!’. Protonation of
the chromophore can alter fluorescence output (Figure 2A), and mutating either the chromophore
itself, or surrounding residues, can alter the pKa of the FP8-29, Currently, there are limited FPs
with chromophore pKas in the biologically relevant range. Additionally, there remains a need for
red shifted pH sensors with emission wavelengths that can penetrate through deep tissue as well

as provide spectrally compatible multiplex imaging for other visible spectrum sensors in vitro?22,
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1.3 Red fluorescent proteins

As one of the founding fathers of fluorescent protein engineering, Roger Tsien began by
establishing that a single point mutant (S65T) of the green fluorescent protein (GFP) resulted in
significantly increased intensity and photostability compared to the wild type?®. Realizing
mutagenesis efforts could manipulate photophysical characteristics without greatly effecting
protein stability or function, a massive effort ensued which has resulted in fluorescent protein
variants that span almost the entire UV, visible and near-IR spectrum?*. Derived from reef corals,
red shifted variants have shown value in in vivo applications. The absorption of lipids, melanins
and hemoglobin decreases significantly in what is known as the “optical window” between 600-
1200 nm. With excitation and emission profiles nearing or in this window, red fluorescent (RF)
or infrared fluorescent (IRF) proteins are able to penetrate deep tissue without fluorescence

contamination from matrix molecules®%.

1.4 pH

The tight control of intracellular pH is vital for cell health, with aberrant changes in pH
associated with a variety of disease pathogenesis including stroke and cancer?®2°, The
compartmentalization of pH within organelles is also critical. For example, pH gradients in the
mitochondrial matrix provide the force needed in ATP synthesis and energy production33t,
Likewise, neurotransmission is heavily dependent on pH gradients, with acidity of synaptic
vesicles necessary for neurotransmitter loading and subsequent release into the synaptic terminal®?.
In microbiology, pH mechanisms of neutrophiles allow for survival in acidic environments. For
example, the bacterium H. pylori maintain a neutral intracellular pH in the stomach of mammals
by increasing urease production. The resulting increase in ammonium ions raises local pH and
assists in survival®. Thus, pH regulation plays a crucial role in protein function, metabolic

reactions and a wide range of other processes in both mammalian and bacterial cells.

1.5 Red fluorescent proteins to quantify pH in vivo

Monitoring perturbations in local pH environments due to cellular activities or diseases, such

as increased extracellular acidosis in the tumor microenvironment, would better our understanding
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of disease pathology. Live-cell imaging with fluorescent protein-based sensors allows us to
monitor pH changes in situ; however, there are currently limited options to accurately measure pH
dynamics with subcellular resolution in live specimens. Concentration and intensity dependence
of the fluorophore, sample thickness, and photobleaching are limiting factors.

Additionally, most of the current genetically encoded pH sensors are generated from GFP, limiting
our ability to perform multiplex imaging to monitor pH simultaneously in different
compartments'’. There are currently a limited number of RFP pH sensors available. Sensors like
pHuji and pHTomato are intensiometric, meaning response from changing pH is translated by an
increase or decrease in the intensity of one excitation and emission peak'®20. Intensiometric
sensors can be problematic, as they do not account for expression levels or photobleaching in the
sample.

Both ratiometric and lifetime sensors resolve these issues. Ratiometric FPs have dual
excitation or emission profiles that can be used to normalize artifacts caused by differences in
sensor concentration. For example, the red ratiometric pH sensor pHRed has been used to quantify
pH fluctuations from in vitro assays to cultured neurons?:34. As an intrinsic property of
fluorophores, fluorescence lifetime does not rely on protein concentration, method of measurement
or fluorescence intensity®. By monitoring changes in lifetime as a function of pH, no special
ratiometric fluorophores are needed, opening up a wider selection of potential fluorescent sensors.
Presented here are both steady-state and time-resolved approaches for monitoring pH in live cells
using red fluorescent protein sensors. Our work expands the toolbox of red fluorescent pH sensors,
which can be used in a number of applications, including pH regulated synaptic transmission,

endocytic events, and receptor trafficking.

1.6 Receptor trafficking and regulation

As the gatekeepers of cell signaling, membrane receptors are involved in various biological
processes from cell-cell communication to initiating intracellular signaling cascades. The G-
protein coupled receptor (GPCR) family is the largest cell membrane protein family, whose
involvement in cell proliferation and movement has been linked to cancer growth and metastasis,
making it a highly lucrative drug target363’, Unfortunately, the regulation of receptor translocation

and recycling is not only not fully understood, but highly debated. The study of trafficking using



18

antibody targeting is both expensive and makes it cumbersome to temporally resolve receptor
translocation in intracellular compartments®®3°, Fluorescent proteins can be engineered onto some
receptors, but many require termini unencumbered by large fusion proteins for efficient signaling
to occur. Short epitope tags like Flag, c-myc and HA are popular due to their relatively low
interference with receptor function, however, all rely on high-affinity non-covalent interactions*°-
42 A covalent interaction could increase signal to background, with only covalently bound
molecules remaining after wash steps. SpyTag-SpyCatcher is a genetically-encoded system for
covalent modification, which has previously shown minimal interference with receptor signaling*3.
The SpyTag peptide is paired with a globulin-like protein SpyCatcher, that when in close proximity,
forms a spontaneous covalent bond, tagging the receptor termini extracellularly using exogenously
prepared biologically compatible materials**. More specifically, by fusing a fluorescent protein to
the exogenously added SpyCatcher, it becomes possible to track the entire lifetime of a receptor
using genetically encoded fluorescent proteins. This would provide increased understanding in

receptor signaling dynamics, which could lead to better designed therapeutics or other modulators.

1.7 Luminescence resonance energy transfer (LRET) for increased signal to background

In addition to developing a red fluorescent lifetime sensor, here we explore other time-
resolved approaches for quantifying cell dynamics. Although great effort has been dedicated to
increasing the brightness of fluorescent protein sensors, many are much weaker than some popular
organic dyes or nanoparticles?*4>4¢, Additionally, resolving dynamics in vivo remains difficult due
to autofluorescence from intrinsic fluorophores in the cell. Compared to fluorescence lifetimes
(nanoseconds), other modes of luminescence emission are much longer lived (millisecond to
seconds)*, and the extended emission lifetime could outlive nanosecond autofluorescence, greatly
increasing signal to background and specificity. Lanthanide metals bound to chelates have
luminescence properties that have been exploited for biological assays, however, they are often
sold as in vitro assay kits and require the use of expensive antibody targets*®->L. In order to take
advantage of already existing FP sensors, we sought to utilize lanthanides to easily convert
fluorescent sensors to lanthanide-based TR-LRET sensors.

Forster resonance energy transfer is able to report dynamic changes in distance between two

fluorescent molecules. In FRET systems, ‘donor’ emission overlaps ‘acceptor’ absorbance. After
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donor excitation, the excited-state energy is non-radiatively transferred to excite a nearby acceptor,
resulting in a shifted emission output. The Imperali group has optimized several small peptide
chelates of lanthanide metals called lanthanide binding tags (LBTSs), which have shown relatively
high affinity (nanomolar Kq) and specificity®>. When excited by UV light, these LBT-bound
lanthanides display spectra comparable to spectra from lanthanides bound to organic chelates, with
several sharp emission peaks in the visible range. Recently, it has been shown engineering LBT
tags onto fluorescent proteins can extend emission lifetime an order of magnitude®®. Here we
explored a strategy for exploitation of both FRET and lanthanide emission by engineering a LBT

tag onto a FRET pair, creating a long-lived triple relay after excitation in the UV.

1.8 Conclusion

The high biocompatibility and stability of fluorescent protein sensors has made them
indispensable as a life sciences tool. By utilizing the intrinsic fluorescent properties of the protein,
appending an analyte sensitive domain, or tethering two fluorescent proteins together via a linker
for FoOrster resonance energy transfer (FRET), a collection of sensors has been developed to signal
a number of cellular dynamics, including metabolism, cell motility and proliferation and apoptosis.
However, due to background fluorescence from matrix molecules in vivo, there remains a need for
red fluorescent protein sensors for light penetration through deep tissue. Here we present two red
fluorescent pH sensors, optimized for both steady state characterization (mCherryEA), with
ratiometric excitation peaks normalizing for protein expression and photobleaching; and time-
resolved methods (mCherryTYG), utilizing the intrinsic property of lifetime to allow quantifiable
pH determination across samples and instruments. Additionally, we explore appending pH sensing
fluorescent proteins on the termini of receptors to track recycling conditions, as well as provide a
novel approach for exogenously tagging receptors using a covalent SpyTag-SpyCatcher system.
To further probe advantages of time-resolved techniques, we utilize a lanthanide binding tag to
coordinate a terbium in close proximity to eGFP for luminescence resonance energy transfer. After
gating background fluorescence with a 100 us delay after excitation, dynamic events can be
detected with greatly increased signal to background. Here we present fluorescent proteins
optimized for both steady-state and time-resolved techniques, allowing broadly applicable

characterization both in vitro and in vivo.



Table 1 Engineered Sensors and Advantages

Engineered Sensor
mCherryEA

mCherryTYG

SpyTag-GLUT4-mCherry

SpyTag-P2YR11

LBT-eGFP

LBT-AKAR2CR

Description

1158E/Q160A mutant of
mCherry

M66T mutant of mCherry
(chromophore mutation)

Extracellular loop SpyTagged
GLUT4 with a C-terminal
mCherry FP fusion

N-terminally SpyTagged
P2YR11

eGFP with short peptide
lanthanide binding tag

PKA sensor AKAR2CR with
short peptide lanthanide
binding tag

20

Advantages

Red, excitation ratiometric:
used to quantify pH dynamics
using steady-state techniques

Red, large pH dependent
dynamic range using time-
resolved techniques
Localization and
characterization of receptor
recycling activity with small,
covalent tags, using steady-
state techniques
Localization and
characterization of receptor
recycling activity with small,
covalent tags, using steady-
state techniques
Time-resolved LRET greatly
reduces background
fluorescence from matrix
fluorophores
Time-resolved LRET applied
to established fluorescent
Kinase sensor
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CHAPTER 2. IMAGING PH DYNAMICS SIMULTANEOUSLY IN
TWO CELLULAR COMPARTMENTS USING A RATIOMETRIC PH-
SENSITIVE MUTANT OF MCHERRY

Reprinted with permission from ACS Omega. Rajendran, M., Claywell, B., Haynes, E.P., Scales, U.,
Henning, C.K., and Tantama, M. (2018). Imaging pH Dynamics Simultaneously in Two Cellular
Compartments Using a Ratiometric pH-Sensitive Mutant of mCherry, ACS Omega, 8: 9476-9486.
Copyright 2018 American Chemical Society.

2.1 Introduction

In eukaryotic cells, pH compartmentalization is critical for cellular processes such as
mitochondrial energy production, protein degradation in lysosomes, and post-translational protein
modification in the endoplasmic reticulum®2. In the brain, for example, organelle pH gradients are
essential for proper neurophysiology. The acidification of synaptic vesicles provides the proton
motive force for neurotransmitter loading, and the alkalization of the mitochondrial matrix
provides the proton motive force for ATP synthesis, both of which are required for the
energetically-expensive process of neurotransmission®*. Because neurotransmission is
fundamentally a pH-dependent process, pH is also a useful indicator of activity. For example,
transient pH fluctuations in the cytosol of neurons occur due to proton and ion fluxes, and
mitochondrial pH fluctuates in response to energy consumption during action potential

generation® .

Aberrant changes in pH are also commonly seen in diseases. For example, significant pH
changes are seen during neurological disorders such as stroke and ischemia, where pH dynamics
during hypoxia play an important role in cell survival*®. In cancer, altered pH homeostasis can
occur®, and the Warburg effect and metabolic reprogramming can cause intracellular alkalinization
and extracellular acidification, both of which may play important roles in cell survival 112,
Furthermore, regulation of organelle pH has been linked to oncogenic signaling*®%4, but we still
need new pH sensors in order to accurately study organelle pH changes in the context of the entire

cell.

In biological imaging studies, spatially-resolved pH dynamics are commonly visualized
using pH-sensitive dyes, such as BCECF or SNARF'®, and genetically-encoded green and yellow

fluorescent protein-based pH sensors, such as pHIluorin and SypHer!6'’. Genetically-encoded
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sensors are advantageous because they can be targeted to subcellular locations. However, to study
the role of proton exchange and buffering between different compartments in pH regulation, we
need a toolbox of both green and red fluorescent pH sensors for multiplex imaging. Currently,
many of the red fluorescent protein (RFP) sensors, such as pHTomato'8, pHuji ** and mNectarine
20 report pH changes on the basis of fluorescence intensity alone. These sensors have high dynamic
range and are very useful for the detection of events such as synaptic vesicle release®. However,
ratiometric sensors are better-suited for quantifying pH changes because they are insensitive to
variations in sensor concentration and photobleaching, which facilitates the comparison of pH
dynamics between independent experiments. The ratiometric red fluorescent protein pH sensor
pHRed?! has been used to monitor pH fluctuations in mitochondria?? and to measure peroxisomal
pH 23, However, pHRed has a pKa of 6.9, which limits its sensitivity in alkaline compartments
because it exhibits smaller changes in its signal at pH greater than 8. The availability of spectral
variants and pH sensors with a range of pKa values would facilitate the study of pH changes in

various cellular compartments.

In this study, we demonstrate that the 1158E/Q160A mutant of mCherry, originally reported
by Piatkevich et al. 24, is an effective ratiometric red fluorescent protein pH sensor. We
characterize the pH-dependent fluorescence properties of the mCherry mutant protein in solution,
and we also characterize its pH sensing performance in live cells. To demonstrate its use in
biological studies, we show that it reports pH dynamics caused by changes in neuronal activity
and metabolism. Furthermore, we demonstrate that it is spectrally compatible with the green
fluorescent pH sensor ratiometric-pHluorin, facilitating the visualization of pH changes in

mitochondria and the cytosol simultaneously within the same live cell.

2.2 Methods

2.2.1 Materials

Unless otherwise stated, chemicals were purchased from Sigma Aldrich; molecular biology
enzymes were purchased from New England Biolabs (NEB); cell culture media and supplements
were purchased from Invitrogen. Neuro2A and HEK-293 were purchased from ATCC, C57BL/6
and FVB mice were purchased from Charles River. Mitotracker Deep™ Red FM was a kind gift

from Dr. Qing Deng at Purdue University.
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2.2.2 Molecular Biology

PRSETb-mCherry(wt) and GW1-mCherry(wt) were mutated using the NEB Q5 site directed
mutagenesis kit to generate the mCherry(1158E/Q160A) mutant. Mitochondria targeted
mCherryEA was cloned by fusing a tandem 4xCoxV 11 signal sequence?® to the N-terminus. GW1-
ratiometric-pHIluorin and GW1-SypHer were generated by subcloning ratiometric-pHluorin from
VV064: 1xCox8-ratiometric-pHluorin and SypHer from SypHer-mt into GW1 vector using NEB
HiFi reactions. VVV064: 1xCox8 -ratiometric-pHIluorin in the FCK vector was a gift from Adam
Cohen (Addgene plasmid # 58502) and SypHer-mt was a gift from Nicolas Demaurex (Addgene
plasmid # 48251).

2.2.3 Protein Expression and Purification

PRSETh-mCherryEA was transformed into BL21(DES3) cells and grown in 500 mL autoinduction
media (ForMedium™) at 37 °C overnight and transferred to 4 °C for 3 days. Protein was purified
using HiTrap Nickel columns (GE healthcare) according to manufacturer instructions. Purified
protein was dialyzed into storage solution (5mM MOPS, 150mM NaCl and 5% Glycerol, pH 7.4)
and stored at -80 °C.

2.2.4 Steady-State Fluorescence Spectroscopy

pH titration was performed in solutions containing 10mM of each of Bis-Tris, MOPS, and Tris
plus 100mM NacCl adjusted to pH values ranging from 5.5-9. Protein samples were diluted to 1-2
MM and fluorescence was measured in a microplate reader (BioTek Synergy H5). The excitation
spectrum was measured using monochromator set to scan from 350nm-600nm with emission set
at 630nm. The fluorescence was normalized by calculating the ratio of excitation peaks at 585nm
by 450 nm. To test for environmental interference the mutants were titrated in buffered solutions
containing either 100 mM NaCl, KCI or K-gluconate and the addition of 1 mM MgClz, 1 mM
CaClz, 1 mM Hz202 and 3 mM DTT. For temperature dependence, the fluorescence measurement
was taken with the reader set to 23, 25, 31 and 37 °C.
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2.2.5 Cell Culture and Transfections

Neuro2A (ATCC CCL-131) and HEK-293 (ATCC CRL-1573) cells were cultured at 37 °C in 5%
COz2 humidified air incubator in DMEM media containing 10% cosmic calf serum (Hyclone). Cells

were transfected using Effectene (Qiagen) per manufacturer’s instructions and imaged after 2 days.

2.2.6 Neuron and Astrocyte Cultures

All animal procedures were performed in strict accordance with recommendations provided in the
National Institutes of Health Guide for the Care and Use of Laboratory Animals, according to
protocols approved by the Purdue Animal Care and Use Committee and the Purdue University
Laboratory Animal Program to minimize pain and suffering. Cortical and hippocampal neurons
were isolated from PO mice and maintained in Neurobasal media supplemented with 5-25mM
glucose, 0.2mM pyruvate, 0.5mM Glutamax, B-27, penicillin, and streptomycin (Pen/Strep).
Neurons were transfected after 7-9 days using calcium phosphate method?®. Cortical astrocytes
were isolated from PO-P4 mice and maintained in DMEM/F12 media supplemented with 10% FBS
and Pen/Strep. Astrocytes were transfected using Lipofectamine3000 (Invitrogen) as per

manufacturer’s instructions.

2.2.7 Coefficent (¢) and Quantum Yield (QY)

The concentration of protein containing mature chromophore was quantified by measuring the
absorbance of the protein in 1M NaOH at 450 nm (&: 44000 M.cm™) as previously described?®.
28% of purified mCherryEA corresponded to mature chromophore. The concentration from
alkaline denaturation method was used for € and QY measurements. For & measurement,
absorbance and fluorescence spectra of the protein at dilutions of 5-20 uM were measured. The ¢
was calculated according to Beer-Lambert equation. For QY measurement, slopes from
absorbance vs fluorescence at different pH were measured with wild-type mCherry as the standard
for excitation at 530 nm (QY = 0.22). QY at 440 nm was calculated relative to 530 nm QY.

2.2.8 Sensor Characterization in Live Cells

NH4ClI: pH response of the sensors in live cells were tested by adding 10 mM NH4Cl to the imaging
solution (mM: 15 HEPES, 1.25 NaH2PO4, 10 glucose, 120 NaCl, 3 KClI, 2 CaClz, 1 MgClz, and 3
NaHCOs, pH 7.3). Cytosol pH calibration: Neuro2A cells transfected with mCherryEA or
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ratiometric-pHluorin were seeded in multi-well plate and exposed to different pH ranging from
5.5t09 in a high potassium solution (mM: 15 HEPES, 1.25 KH2PO4, 10 glucose, 123 KCI, 2 CaClz,
1 MgClz, pH 7.3) in the presence of 2-5 uM nigericin?2:2728, Mitochondria pH calibration:
Neuro2A cells transfected with mito-mCherryEA or mito-pHIluorin seeded in multi-well plate were
exposed to pH 5.5 to 9 in a high potassium solution (mM: 15 HEPES,, 10 glucose, 123 KCI, 20
NaCl, 2 CaClz, 1 MgCl2) in the presence of 5 pg/mL nigericin and 5 uM monensin. For individual
cell calibration, Neuro2A cells were treated with 10 mM NHa4Cl. After washing the cells with
imaging solution, a three-point calibration was performed with high potassium solutions buffered
at pH 6.0, 7.5 and 8.0.

2.2.9 Live-Cell Imaging

Cells were imaged using an Olympus 1X83 fluorescence microscope with a 20x/0.75 NA and
60x/1.35 oil objective illuminated by a Lumencor SpectraX light engine and equipped with an
Andor Zyla 4.2 sSCMOS camera. Lumencor power levels were typically set at 5-10% for each ratio
channel for cytosolic sensor and 15-30% for mitochondrial sensor. mCherryEA and pHRed were
excited using 575/25 nm and 438/29 nm band-pass filters and emission was collected through a
632/60 nm band-pass filter. Ratiometric-pHIluorin was excited using 475/34 nm and 395/25 nm
band-pass filters and emission was collected through a 525/50 nm band-pass filter. SypHer was
excited using 475/34 nm and 438/29 nm band-pass filters and emission was collected through a
525/50 nm band-pass filter. The exposure time set between 50-200 ms for all experiments, and
fluorescence signals were at least 3-fold above background in all fluorescence channels. For
mCherryEA and pHRed comparison, cells expressing each sensor were imaged on the same days
under the exact same illumination and imaging conditions (exposure times, LED power, etc.).
Neurons were perfused at ImL/min with artificial cerebrospinal fluid (ACSF, mM: 15 HEPES,
120 NaCl, 3 KClI, 2 CaClz, 1 MgClz, 3 NaHCOs3, 1.25 NaH2POg4, 5 glucose, 0.2 pyruvate, 0.5
glutamax, pH 7.4). To confirm targeting of GW1-4xCox8-mCherryEA, 10 nM Mitotracker Deep
Red (Invitrogen) was added to Neuro2A cells expressing mito-mCherryEA and treated as per
manufacturer’s instruction. High magnification images were captured using the 60x/1.35 oil
objective. Mitotracker Deep Red was excited using 631/28 nm band-pass filter and emission was
collected through a ET706/95 nm band-pass filter.
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2.2.10 Data Analysis

Images were acquired with 1Q (Andor) and analyzed with ImageJ. The mean and background
intensities were measured for the images. The ratio was calculated by dividing the background
subtracted means of images excited at the higher wavelength by the lower wavelength. For pixel-
by-pixel measurement, fluorescence images were background subtracted and a threshold was set
to reject background pixels. Ratio images were obtained by dividing the images captured by

exciting at the higher and the lower excitation wavelengths.

2.3 Results
2.3.1 Characterization of mCherryEA as a ratiometric pH sensor

We first demonstrated that the mCherry(1158E/Q160A) mutant, which we refer to as
“mCherryEA”, is a ratiometric pH sensor. The [158E and Q160A mutations were originally
engineered to support excited state proton transfer (ESPT) in mCherry in order to generate a long
Stokes shift variant (Figure 3A)?*. This mutant has not been used as a long Stokes shift RFP
because at neutral pH it exhibits two excitation peaks corresponding to the protonated and
deprotonated chromophore, with a single emission peak (Figure 3B). However, we hypothesized
that existence of the two peaks would instead make the mutant an effective ratiometric pH sensor
because it is proposed that the protonation state of Glu158 is sensitive to the pH of the surrounding

solution?, resulting in pH dependent protonation of the chromophore.



B C
© 0.06
g Ex. 440 nm 0065
I3 3
0.04
g 0.04 1
2 S
= (0]
2000F—— —————— 0003
350 400 450 500 550 600 550 600 650 700 750 800
Excitation Wavelength (nm) Emission Wavelength (nm)
D E
()]
2 0.06 455 nm 3
[
% 0.04 at £,
5 . N
0.02 - £
o--u--® 5 1
§ 585 nm e
2 0.00+ T T 0
5 6 7 8 9 5 6 7 8 9
pH pH
G H
3
30 0.12 Y -
E 1 455 nm 2 455 nm 2,
= 20 e o = £ >0.08 &
s i £ @
=BT ~ Kog £0.04 ; $ i £1 i
Ra3 585nm * 1 g g i 585 nm é’ § % i ASSE nlm
“ 04 e 0.00+ : @ g+—o
5 6 7 8 9 5 6 7 8 9 5 6 7 8 9
pH pH pH

Figure 3 Characterization of purified mCherryEA in solution.
A) Structure of wildtype mCherry (PDB 2H5Q) showing the location of the E158 mutation relative
to the chromophore. B) The pH-dependent fluorescence excitation and C) emission spectra
(Aex=440 nm) (n=6). Fluorescence was normalized to total integrated fluorescence. D) The pH
titration curves for the fluorescence intensity with 455 nm (black, dashed) and 585 nm (red, solid)
excitation with emission at 630 nm. E) The pH titration curve for the Fsgsnm/Fassnm Ratio (n=7).
The pH titration curves for the F) extinction coefficient, G) quantum yield, and H) brightness
(e-QY) (n=2). Data were fit to a Boltzmann equation, Ratio = Minimum + (Maximum-
Minimum)/(1+exp((pH-pKa)/slope)). Errors are stdev.
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To determine whether the mCherryEA mutant exhibits a pH-dependent ratiometric change
in the excitation spectra peaks, we characterized the pH response of purified mCherryEA protein
in solution. The mutant showed pH dependent changes in its excitation spectra with a ratiometric
change in excitation peaks at 455nm and 585nm, without a significant spectral shift in the emission
peak at 610 nm (Figure 3B,C). We did not observe residual green emission from immature
chromophore, and thus mCherryEA is compatible with blue, cyan, green, and yellow fluorescent
proteins that exhibit spectrally-distinct emission peaks. As predicted, the proton transfer network?*
results in an “inverse” pH dependence with an increase from pH 5.5 to pH 9, causing a 2.80 +
0.14-fold increase in the 455nm peak (protonated form) and 2.54 + 0.20-fold decrease in 585 nm
peak (deprotonated form) with a pKa of 7.8 (Figure 3D). Fold change was measured by dividing
the highest fluorescence ratio by the lowest fluorescence ratio. The intensity Ratio (Fsssnm/F4ssnm)
showed a 6.90 + 0.83-fold (n=7, mean = std) increase with decrease in pH from 9 to 5.5, and the
pKa was 7.29 + 0.03 for the ratio response (Figure 3E). The pH response was insensitive to
variation of salts (NaCl, KCIl, MgClz;, K-Gluconate), oxidative stress (H202. & DTT) and
temperature (25-37 °C) (Figure 4).

To compare the brightness of the mCherryEA mutant relative to wildtype mCherry, we
measured the extinction coefficient (¢) and quantum yield (QY) of each protein in solution. At pH
7.5, the mutant (¢=11650 Mcm™, QY=0.05) was dimmer compared to wildtype mCherry
(e=72000M"cm?, QY=0.22)*. Both the excitation peaks showed an increase in QY with
increasing pH (Figure 3F). However, the essonm decreased with increasing pH and e440nm remains
relatively unchanged (Figure 3G). The brightness (e-QY) for the 455nm peak showed a larger
change compared to the 585 nm peak and it drives the dynamic range of the ratio (Figure 3H).
These results show that the mCherryEA mutant can serve as a ratiometric pH sensor, and therefore
it could be an important addition to the toolset of quantitative pH sensors. However, due to the
relatively low brightness of the purified protein, we next characterized the sensor expressed in live

cells and found it to be well suited for live-cell ratiometric imaging
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Figure 4 Further characterization of purified mCherryEA in solution

A) pH dependent raw fluorescence excitation spectra and B) pH dependent extinction coefficient
spectra for mCherryEA. C) Integrated fluorescence vs absorbance at 440 nm and D) 530 nm peaks.
E) pH response of the sensor was not affected in presence of various salts and oxidizing agents
and F) temperature. Graphs E and F averages were fit to equation, Ratio = Bottom + (Top-
Bottom)/(1+exp((pH — pKa)/slope)).
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2.3.2 Live-Cell Ratiometric Imaging

To test mCherryEA as a pH sensor in cellular imaging, we expressed the protein in
mammalian cells. The brightness of mCherryEA was comparable to pHRed in several mammalian
cell lines using exactly the same illumination and imaging conditions (Figure 5, Figure 6), and we
did not observe any cell toxicity during extended imaging sessions that lasted over 2 hours.
Differences in sensor characteristics in live cells compared to purified protein measurements have
been observed for other fluorescent proteins and sensors, though the exact reasons are
unknown.?”2% Thus, despite the low ¢ and QY measured for purified protein in solution, in live
cells mCherryEA exhibits sufficient brightness to provide a high fluorescence signal over

background.
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Figure 5 mCherryEA reports live-cell pH changes in different cell types

A) Top: DIC and fluorescence images showing the expression of mCherryEA in the cytosol of
Neuro2A cells. Bottom: Representative pseudo-colored image sequence showing changes in
pixel-by-pixel fluorescence ratio over time in response to a transient NH4Cl pulse. B) The pH
response upon exposure to 10 mM NH4CIl measured as the Fs7s/Fa40 ratio over time (n=20). C)
The pH response in primary astrocytes expressing mCherryEA upon exposure to 10 mM NH4CI
(n=11).

We next tested mCherryEA’s pH response by exposing the cells to ammonium chloride
(NH4CI). It is well-established that exposure to NH4Cl causes a transient alkalinization and re-
acidification upon wash-out®!. The responsiveness of the mutant was demonstrated in Neuro2A
cells expressing mCherryEA in the cytosol (Figure 5A). The cells were exposed to 10 mM NH4Cl
for 5 minutes and then washed with imaging solution. The pH response was determined by
measuring the Ratio (Fs7snm/Fa4onm) for single cells over time (Figure 5A). As expected, the

addition of NH4ClI caused alkalinization of the cytosol followed by re-acidification upon removal
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of NH4ClI (Figure 5B). We found that mCherryEA exhibited a 2.3 + 0.2 fold change in ratio signal
(n=20, mean = std) in response to the NH4Cl transient, which was comparable to the 4.2 £ 0.7 fold
change observed for pHRed (n=29, mean * std) (Figure 5B, Figure 6). We saw similar responses
in cultured primary astrocytes (Figure 5C, Figure 7) and in HEK293 cells (Figure 7). Note that the
lag in pH response to NH4Cl is caused by the slow perfusion delay and variability in mixing in the
live-cell imaging chamber, which also contributes to overall differences in the response.
Interestingly, we observed that primary astrocytes regulate cytosolic pH more strongly than
Neuro2A cells. That is, the astrocytes exhibited a rebound neutralization during the NH4CI
exposure, which was not observed in Neuro2A cells (Figure 5B, C). It is not clear if this is an
active or passive homeostatic mechanism, but future experiments could address the energy
dependence of the response by pairing mCherryEA with one of the currently available green

fluorescent ATP sensors32-34,
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Figure 6 Characterization of mCherryEA in live cells

A) DIC and fluorescence image showing pHRed expression in Neuro2A cells B) pH response to
10 mM NH4Cl in Neuro2A cells and C) HEK-293 cells expressing cyto-pHRed. D) pH titration in
Neuro2A cells expressing mCherryEA (red line) and SypHer (green dashed line) using K*/H*
nigericin clamp (n = 3 wells with 4-10 cells each). E) The pH response of mCherryEA in Neuro2A
cells upon exposure to 10 mM NH4Cl and 10 mM acetic acid (Acet) measured as Fs7snm/Fa4onm
ratio over time (no. of cells=10). F) The pH response of SypHer in Neuro2A upon exposure to 10
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mM NH4Cl and 10 mM acetic acid (Acet) measured as F47snm/Fasonm ratio over time (no. of cells =
10). Bars indicate std

We did observe that long-term expression of both wildtype mCherry and mutant
mCherryEA resulted in the formation of red fluorescent puncta in cultured astrocytes after several
days (Figure 7). This may be due to protein accumulation in lysosomes, which has been observed
for other red fluorescent proteins®>-’. To avoid complications caused by puncta formation, all
subsequent experiments were carried out two days after transfection when neurons and Neuro2A

cells did not show any puncta and therefore did not interfere with its use or analysis.
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Figure 7 mCherryEA expression in HEK-293 cells and primary astrocytes

A) HEK-293 expressing mCherryEA and B) pH response upon exposure to NH4CIl measured as
Fs7s/Faq0 ratio over time (n = 20). C) Primary astrocytes DIC and fluorescence image showing
expression of mCherryEA. Astrocytes co-expressing roGFP2 and wildtype mCherry (D) or
mCherryEA (E) on day?2 (top) and day8 (bottom) after transfection showing red puncta formation

over time.
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2.3.3 Live-Cell pH Calibration

To calibrate the pH response, we performed an in situ pH titration in Neuro2A cells
expressing cytoplasmic mCherryEA using the ionophore nigericin. Nigericin is a K*/H* ionophore,
which equilibrates the intracellular pH and extracellular pH when high potassium imaging solution
is used®. The cells were exposed to nigericin solutions to clamp cytosolic pH from pH 5.5 to 9,
and steady-state values were measured over a period of 15 to 30 minutes (Figure 9). mCherryEA
in cells has a pKapf 7.31 + 0.01 (n=3, mean % std) (Figure 8A), consistent with the pKa measured
with the purified protein in solution (Figure 3E). We also carried out an end-of-experiment
nigericin pH calibration after exposing cells to an ammonium chloride transient pulse,

demonstrating that it is possible to normalize ratio signals into pH values (Figure 8B, Figure 10).

The pKa of mCherryEA also makes it well-suited for studying pH changes in the
mitochondria matrix, which can fluctuate between neutral and alkaline conditions (pH 7-8)7%.
We first demonstrated efficient targeting of mito-mCherryEA in Neuro2A cells using the
mitochondrial stain, MitoTracker Deep Red, and high magnification images confirm
colocalization of mito-mCherryEA and MitoTracker (Pearson correlation coefficient 0.93 + 0.06,
n=12 cells) (Figure 8C, Figure 11). The in situ pH titration of Neuro2A cells expressing mito-
mCherryEA was carried out using nigericin plus monensin to clamp mitochondrial pH from pH
5.5 to 9%, and we measured a pKa of 7.18 + 0.09 (n=3, mean = std) similar to both purified protein
and in situ cytosolic values (Figure 8D). Again, we carried out an end-of-experiment pH
calibration using nigericin plus monensin following an ammonium chloride treatment to
demonstrate that ratio signals can be normalized to mitochondrial pH values (Figure 8E).
Interestingly, we observed that mitochondrial pH resided near neutral pH, as has been observed

for HelLa cells in other studies?’.
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Figure 8 In situ pH calibration of mCherryEA in the cytosol and mitochondria live cells

A) pH titration of Neuro2A cells expressing cytosolic mCherryEA (red line, n = 6, 10 cells each)
or ratiometric-pHluorin (green dashed line, n = 3, 10 cells each) using nigericin. B) pH change
upon exposure to a transient 10 mM NH4Cl pulse in Neuro2A cells expressing cytosolic
mCherryEA that were calibrated using nigericin at the end of the experiment (n=4). C) Example
DIC and fluorescence images of a Neuro2A cell showing colocalization of mito-mCherryEA and
MitoTracker Deep Red. Cell 1 expressed mito-mCherryEA but Cell 2 was not transfected. Cell 1
shows colocalization (yellow) of mito-mCherryEA (green) and MitoTracker (red). D) pH titration
of Neuro2A cells expressing mito-mCherryEA (red line) and mito-ratiometric-pHIluorin (green
dashed line) using nigericin plus monensin (n=3, 4-15 cells each). E) pH change upon exposure to
atransient 10 mM NH4Cl pulse in Neuro2A cells expressing mito-mCherryEA that were calibrated
using nigericin plus monensin at the end of the experiment (n=7). Bars indicate std.
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Figure 9 pH titration time course in Neuro2A cells

pH dependent change fluorescence ratio in Neuro2A cells expressing cyto-mCherryEA (A) and
cyto-ratiometric-pHIuorin (B) exposed to pH 5.5 to 9 in different wells using K*/H* nigericin
clamp. pH dependent change fluorescence ratio in Neuro2A cells expressing mito-mCherryEA (C)
and mito-ratiometric-pHluorin (D) exposed to pH 5.5 to 9 in different wells using K*/H*
nigericin/monensin clamp. Bar indicate std
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Figure 10 pH calibration in Neuro2A cells
A) Fluorescence ratio and B) corresponding pH change in Neuro2A cells expressing cyto-
mCherryEA, which was exposed to 10 mM NH4Cl, washed with imaging solution (IS) and
calibrated using K*/H* nigericin clamp at pH 6.0, 7.5, and 8.5. C) Fluorescence ratio and D)
corresponding pH change in Neuro2A cells expressing mito-mCherryEA, which was exposed to
10 mM NH4CI, washed with imaging solution (IS) and calibrated using K*/H* nigericin/monensin
clamp at pH 6.0, 7.5, and 8.0. E) pH response in Neuro2A cells expressing cyto-mCherryEA to
extracellular pH before and after the addition of nigericin (no. of cells =12). Bars indicate std.
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MitoTracker

Figure 11 Additional example images demonstrating colocalization of mito-mCherryEA and
MitoTracker Deep Red to confirm proper mitochondrial targeting of mito-mCherryEA

The merged images use pseudo-coloring to qualitatively demonstrate colocalization (yellow) of
mito-mCherryEA (greem) and Mitotracker (red). Scale bar is 20 um. Mito-mCherryEA and
Mitotracker fluorescence was highly correlated for a total of 12 cells that were analyzed with
unbiased automatic thresholds to discriminate background an fluorescent pixels. The average
Pearson correlation coefficient for above threshold pixels was 0.93 + 0.06, which was significantly
greater than the correlation coefficient of 0.23 + 0.31 for below threshold pixels (n=12, 2-tail t-test
p=0.000013).
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For comparison to mCherryEA, ratiometric-pHIuorin®® is a green fluorescent pH sensor
that is also based on a mutated single fluorescent protein. In the cytoplasm, mCherryEA exhibited
a maximum fold change of Ratiomax/Ratiomin = 3.84 + 0.91 (mean * std, n=6), which is similar to
ratiometric-pHIluorin expressed in the cytosol of cells (Ratiomax/Ratiomin = 2.83 + 0.20, pKa = 6.38
+0.77, n=3) (Figure 8A). The maximum fold change was similar for mCherryEA in mitochondria
(Ratiomax/Ratiomin = 4.42 + 1.08, mean = std). However, mito-ratiometric-pHluorin showed
dampened dynamic range (Ratiomax/Ratiomin = 1.36 = 0.16, pKa = 6.83 + 0.10, mean % std, n =3)
(Figure 8D).

Thus, we have demonstrated that mCherryEA can be used for calibrated pH measurements
in the cytosol and mitochondria of live cells. Ideally, in situ pH calibrations are carried out on a
cell-by-cell basis at the end of each experiment in order to transform the ratio signal into an
absolute pH value!’. However, in practice ionophores and permeabilization reagents such as
nigericin and monensin can cause cell death in sensitive cell types such as primary neurons or after
experimental paradigms that already cause significant cell stress, and the low yield of successful
calibrations can be prohibitive. Despite this complication, relative pH changes within a
compartment can be measured more easily and have proven sufficient for studying many
physiological processes, including metabolism and neuronal activity®-42, Therefore, we next
demonstrated that mCherryEA can be used together ratiometric-pHluorin to measure relative
changes in compartment-specific pH, taking advantage of the fact that the spectral crosstalk
between mCherryEA and ratiometric-pHluorin is minimal (<3%). Although the ratio signals that
we measure cannot be used to directly compare absolute differences in pH between compartments,
they can be used to observe correlations between relative pH changes. We conducted two proof-
of-concept experiments. First, we demonstrated that both cytosolic and mitochondrial pH exhibit
activity-dependent acidification in neurons. To do this we expressed mCherryEA in cytosol and
ratiometric-pHluorin in mitochondria. Second, we demonstrated that relative changes in cytosolic
and mitochondrial pH correlate with metabolic inhibition. To do this, we also demonstrate that

mCherryEA and ratiometric-pHluorin can be used in either compartment.
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2.3.4 Neuronal activity-dependent pH dynamics

Neuronal activity involves membrane depolarization, and membrane depolarization results
in the acidification of neurons®43, Membrane depolarization can be caused by neurotransmitters
such as glutamate or a rise in external potassium chloride, and both proton fluxes through channels
and metabolic generation of acid equivalents can contribute to the pH dynamics*44°. To test the
utility of mCherryEA in visualizing this activity-dependent acidification, we expressed
mCherryEA in the cytosol of cultured mouse hippocampal neurons (Figure 12A). Upon transient
stimulation with 10 uM glutamate, we were able to visualize acidification in the cytosol as
expected (Figure 12B, C first arrow, Figure 13). This was followed by wash-in of 100 uM ATP
before a second pulse of glutamate in the presence of ATP (Figure 12B,C second arrow). ATP was
then washed out prior to a third glutamate application (Figure 12B,C third arrow). The activity-
dependent acidification of the cytosol could be observed with repeated glutamate stimulation, and
it was not modified by the application of neuromodulators, such as extracellular ATP acting on
neuronal purinergic receptors®. To validate that mCherryEA was responsive to both acidic and
alkaline changes in pH, we exposed neurons to a transient pulse of NH4CI. Cells exhibited a
biphasic response, demonstrating that it is functionally responsive in neurons, similar to other cell
types (Figure 5). Because energy metabolism contributes significantly to activity-dependent

acidification, we also investigated pH dynamics more closely in both the cytosol and mitochondria.

Neuron excitation is a highly energy consuming process, requiring increased glycolysis
and mitochondrial respiration for ATP production. Thus, the increased energy demand drives pH
changes in both the cytosol and the mitochondrial matrix, and we used a dual pH sensor imaging
approach to test how strongly the compartment-specific pH dynamics are coupled to activity. By
co-expressing cytosolic mCherryEA and mitochondria-targeted ratiometric-pHIuorin*” in the same
neurons (Figure 12, Figure 14), we were able to observe synchronous activity-dependent pH
changes with similar dynamics in cytosol and mitochondria. Notably, the spectral crosstalk
between the mCherryEA red fluorescence and ratiometric-pHIuorin green fluorescence channels
is minimal (<3%) and does not account for the synchronous changes in cytosolic and mitochondria
pH. Thus, the ratio signals report that activity-dependent acidification occurred in each
compartment. Although we were unable to carry out pH calibrations due to the toxicity of nigericin
and monensin to the cultured neurons, the responsivity of both sensors was validated at the end of

the experiment by exposing the cells to NH4ClI. The activity-dependent pH responses observed in
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both the cytosol and mitochondria could indicate coupling of neuronal activity to mitochondrial
ATP synthesis or uncoupling of pH compartmentation due to increased Ca?* flux. For example,
Azarias et al. saw glutamate-induced acidification in mitochondria of astrocytes, which they report
was due to loss of cytosol-mitochondrial pH gradient. They also saw pH dependent loss of
metabolism in mitochondria*®. Further calibration and studies with metabolic sensors would help
us better understand the effect of increased neuronal activity on pH and neuron metabolism.
Overall, in this proof-of-concept study, we validated that mCherryEA can be used to measure pH
dynamics in cultured neurons. We were also able to observe activity-dependent pH changes in
different compartments by expressing mCherryEA in the cytosol and ratiometric-pHluorin in the

mitochondria of the same cell.
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Figure 12 Activity-dependent pH changes in neurons

A) Representative images showing cortical neurons: DIC, cytosolic mCherryEA (red, Aex=575 nm,
Xem=632 nm), mitochondrial ratiometric-pHluorin (green, Aex=475 nm; Aem=525 nm), and merged
overlay. B) Average pH change over time in the cytosol (red) and mitochondria (green, dashed)
upon addition of 10 uM glutamate (arrows) in the presence and absence of 100 uM ATP (n=3). C)
Example of a single-cell response. D-E) Hippocampal neurons co-expressing cytosolic
mCherryEA and mitochondrial ratiometric-pHluorin. D) Average pH change over time in the
cytosol (red) and mitochondria (green, dashed) upon exposure to 15 mM KCland 10 uM glutamate
for 5 min (n=11). E) Example of a single-cell response. Cells were treated with 10 mM NH4Cl at
the end of the experiment to validate the sensor response. Bars indicate std.
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Figure 13 Example of single-cell responses for Figure 8B

pH change was measured over time in cytosol (red) and mitochondria (green, dashed).
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Figure 14 Individual single-cell traces for hippocampal neurons co-expressing mCherryEA in
cytosol and ratiometric-pHluorin in mitochondria that were averaged in Figure 8D
pH change was measured over time in cytosol (red) and mitochondria (green, dashed) upon

exposure to 15 mM KCl and 10 uM glutamate for 5-6 mins.
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We next tested whether simultaneous imaging of mCherryEA and ratiometric-pHluorin
could reveal compartment-specific differences in metabolism-dependent pH dynamics. Since the
pKa of mCherryEA also makes it well-suited for studying pH changes in the neutral to alkaline
range in mitochondria, and we set out to test the utility of mCherryEA in measuring mitochondrial
pH dynamics. We confirmed the efficient localization of mCherryEA and ratiometric-pHIluorin
using confocal imaging to demonstrate that mCherryEA could be efficiently targeted to the
mitochondrial matrix when co-transfected with cytosolic ratiometric-pHIluorin (Figure 15). The
mCherryEA sensor showed excellent mitochondrial targeting when co-expressed, and therefore
we next studied the metabolism dependent pH changes in a neuroblastoma cell line using well-

established inhibitors for glycolytic and oxidative phosphorylation pathways*,

DIC mito-mCherryEA cyto-pHIluorin

Figure 15 Confocal microscopy
Dual-compartment imaging with mito-mCherryEA and cyto-ratiometric-pHIluorin. Scale bar is 20

pm.

2.3.5 Metabolism-dependent pH dynamics

Metabolism and pH are strongly coupled, with perturbations in the metabolic pathway
known to cause pH changes!®°. In cancer cells, increased glycolytic activity is known to cause
acidification of tumor extracellular environment and alkalinization of the cytosol'®!25!, Recent
studies have also implicated a link between organelle pH and oncogenic signaling.*># For
example, Kondapalli et al. report increased luminal pH due to mutations in Na+/H+ exchanger
(NHE9) in patient glioblastomas'3. However, studies on compartment-specific pH changes in

neuroblastoma due to metabolic changes are lacking.

To investigate this with our dual sensor imaging strategy, we studied pH changes in the
Neuro2A mouse neuroblastoma cell line co-expressing ratiometric-pHIuorin and mitochondria-
targeted mCherryEA (Figure 16A-C, Figure 17). Cells were grown in the presence of glucose or
in the absence of glucose, using galactose-supplemented media®. Cells were then imaged during
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sequential treatment with metabolic inhibitors to reveal pH changes linked to glycolysis versus
mitochondrial respiration. To inhibit glycolysis, the cells were first exposed to iodoacetic acid
(IAA). 1AA inhibits the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GADPH)
and is frequently used to inhibit glycolysis in a variety of cell types, including Neuro2A cells, as
determined by measurement of ATP, NADH, and other metabolic parameters 325357, To next
inhibit mitochondrial electron transport and oxidative phosphorylation, cells were exposed to a
combination of the mitochondrial membrane ionophore, carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP), and the ATP synthase inhibitor, oligomycin28.5859,
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Figure 16 Metabolic inhibition causes differential acidification in the cytosol versus mitochondria
A) Representative overlay image showing Neuro2A cells expressing cytosolic ratiometric-
pHIuorin and mitochondria mCherryEA. B) Average pH change over time in the cytosol (green,
dashed) and mitochondria (red). Treatment with the glycolytic inhibitor 1 mM iodoacetic acid
(IAA) caused minor acidification in the cytosol with significant difference in ratio before and after
addition of IAA in individual cells. Though, no acidification was detected in mitochondria
(asterisks) for the population, two of the three cells showed significant decrease. Treatment with
the mitochondrial inhibitors 5 uM oligomycin and 1 uM FCCP (O/F) caused acidification in both
compartments, and in particular, the cytosol exhibited a large acidification. (D-F) The metabolism-
dependent pH dynamics were independent of the sensor. D) Representative overlay image showing
Neuro2A cells expressing cytosolic mCherryEA and mitochondrial ratiometric-pHluorin. (E-F)
Similar pH dynamics were observed when the localization of mCherryEA and ratiometric-
pHIuorin were switched. The sensors were validated at the end of the experiment by adding 30
mM NHa4Cl and 10 mM acetic acid (n=3, 30 cells total). Error bars are stdev. Scale bar is 10 pm.
mCherryEA (red, Aex=575 nm, Aem=632 nm). ratiometric-pHluorin (green, Aex= 475 nm, Aem=525
nm)
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Figure 17 Representative images showing 60X oil magnification of Neuro2A cells

expressing A) cytosolic mCherryEA (red, Aex: 575 nm; Xem: 632 nm) and mitochondria targeted
ratiometric-pHIluorin (green, Xex: 475 nm; Aem:525 nm). B) Neuro2A cells expressing cytosolic
ratiometric-pHIluorin and mitochondria targeted mCherryEA. C) Representative graphs showing
changes in individual cells for each condition. IAA: lodoacetic acid, O/F: Oligomycin/FCCP;
NH4Cl: Ammonium chloride; Acet: Acetic acid. Scale bar is 10 pum.
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As expected, metabolic inhibition with 1 mM 1AA caused a small decrease in pH in the
cytosol, which is consistent with glycolytic inhibition. Although the pH change before (ratio =
1.39 + 0.04, mean * std, n=3) and after (ratio = 1.48 £+ 0.05) IAA addition is not significant for the
population average (p=0.28, n=3), the pH change is significant (p<0.05) in the cytosol of individual
cells, highlighting the power of single-cell analysis to reveal differences obscured by ensemble
means. The pH change in the mitochondria before (ratio = 0.90 + 0.04) and after (ratio = 0.90 *
0.02) 1AA addition was not significant (p=0.80) for the population average (n=3), but two cells
show significant pH decreases (p < 0.015) (Figure 16B, C). Further calibration would be required
to compare the difference in responses between the compartments, but we were clearly able to
observe relative pH changes in each compartment. Subsequent treatment with 1 uM FCCP and 5
UM oligomycin (O/F) blocked oxidative phosphorylation and caused further acidification in the
cytosol (before O/F ratio = 1.48 +0.05; after O/F ratio = 2.08 +0.17, p = 0.06, n=3) and also in
mitochondria (before O/F ratio = 0.90 + 0.02; after O/F ratio = 1.07 + 0.05, p = 0.02, n=3).
Individual cells showed a significant decrease in pH in both the compartments (p < 0.001).
Although blocking the ATP synthase with oligomycin alone would increase mitochondrial pH, the
presence of FCCP causes coupling between mitochondrial and cytosolic pH resulting in
acidification of the mitochondria. Interestingly, the metabolism-dependent pH dynamics may be
dependent on glycogen stores, fatty acid supply, or gluconeogenic amino acid supply because IAA
also caused acidification when glucose is replaced with galactose®. The IAA-dependent
acidification during galactose replacement indicates that extracellular glucose supply is not strictly
required for the effect (Figure 17). However, future metabolic studies will be needed to explore
this further.

Importantly, the compartment-specific differences in pH dynamics are consistent with the
compartmentation of metabolic processes, and we validated that our observations are not an
artifact of the sensors themselves. To do this, we switched the localization of the two sensors, now
expressing mCherryEA in the cytosol and ratiometric-pHluorin in the mitochondria. We again
observed that FCCP and oligomycin treatment caused the greatest change in pH the cytosol and of
the mitochondria compared to IAA treatment, confirming that the compartment-specific pH
dynamics are independent of the specific sensor (Figure 16D-F). We cannot interpret the difference
between cytosol and mitochondria dynamics because of the dampened dynamic range in

mitochondria, but in the future, additional pH calibration of the sensor in mitochondria and other
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organelles will enable compartment-specific differences in pH dynamics to be quantified with
respect to the physiological process under study.

These studies show the mCherryEA sensor can be used simultaneously with ratiometric-pHluorin
to monitor coupled pH changes in two compartments. In addition, the mCherryEA mutant, a
ratiometric red pH sensor with a pKa of 7.3, is well suited for quantitative imaging in neutral to
alkaline organelles such as cytosol (pH 7.2), endoplasmic reticulum (pH 7.2), mitochondria (pH 8)

and peroxisome (pH 7).

2.4 Discussion and Conclusion

We demonstrated here that mCherryEA is a ratiometric red fluorescent pH sensor that adds
to the current toolbox of genetically-encoded indicators available for multicolor live-cell imaging.
An excitation ratiometric sensor exhibits two peaks in its fluorescence excitation spectrum, and
for fluorescent protein-based sensors the peaks are characteristic of the ionization states of the
chromophore. The 1158E/Q160A mutant of mCherry was originally engineered by Piatkevich et
al. to shift the ionization state of the chromophore from the deprotonated to protonated form to
generate a Long Stokes Shift (LSS) mutant?*. Structural analysis indicated that an aspartate or
glutamate at residue 160 could facilitate Excited State Proton Transfer (ESPT), and therefore the
I1160E mutation was made to create a proton-relay network between S158, E160, and the hydroxyl
group of the chromophore?*. ESPT mutants have been similarly engineered for LSS mutants of
mCherry and other RFPs?40, Piatkevich et al. also showed that the E160 interacts with solvent
protons?*, and we showed here that this interaction makes it a suitable solvent pH sensor. In a
similar manner, pHIuorin was engineered using the S202H mutation in wildtype GFP. Although
wildtype GFP exhibits excitation peaks characteristic of the protonated and deprotonated states, it
does not exhibit a ratiometric shift in ionization in response to pH changes. Like the engineered
glutamate in mCherryEA, the residue S202, which is involved in the proton-relay network, was
mutated to histidine (pKa= 6.0) in pHluorin to increase its sensitivity to solvent pH. Thus, our
work characterizing mCherryEA highlights the utility of engineering ESPT mutants of RFPs to

generate new pH sensors.

Interestingly, in our characterization of mCherryEA, we found that despite the low quantum

yield and extinction coefficient measured from the purified protein, the brightness of mCherryEA
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expressed in live cells was comparable to pHRed under same imaging conditions. Similar
photophysical and photochemical differences between solution studies versus live-cell studies
have been observed for other fluorescent protein biosensors, but the exact causes are not well
understood?”-%, We then compared the pH sensing characteristics of mCherryEA to two other
single fluorescent protein-based pH sensors. We found that mCherryEA has a more alkaline pKa
of 7.3 compared to both ratiometric-pHIuorin and pHRed, making mCherryEA useful for
monitoring pH changes in neutral to alkaline compartments. We also found that the dynamic range
for mCherryEA (4-fold change) is comparable to ratiometric-pHluorin and several commonly used
FRET sensors such as AKAR, EKAR, and JINKAR, which show 1.2-2 fold change in cells®:-63, In
the future, further mutagenesis could help improve the dynamic range of mCherryEA to be
comparable to the multidomain green fluorescent pH sensor SypHer (10 fold change)'’-?” (Figure

6) and other FRET-based sensors such as the calcium sensor Twitch (4-10 fold change)54.

A major contribution of mCherryEA is to enable multicolor live-cell imaging because it is
red fluorescent and should be compatible with green fluorescent sensors. As a proof-of-concept,
we simultaneously imaged mCherryEA and ratiometric-pHIuorin in different compartments in live
neurons and neuroblastoma cells. We demonstrated that the negligible spectral crosstalk between
mCherryEA and ratiometric-pHIuorin makes it possible to measure pH changes in the cytosol and
mitochondria of the same cell. We observed relative changes in compartment-specific pH that
correlated with neuronal activity and metabolic inhibition. However, because the sensors show
decreased dynamic range in mitochondria, we could not directly compare the differences in pH
between compartments. In order to compare pH changes between organelles, it is necessary to
carry out an in situ pH calibration at the end of each experiment on a cell-by-cell basis, as
demonstrated by Poburko et al for example!’. We demonstrate that in situ calibrations can be done
with cytosolic or mitochondrial-targeted mCherryEA using nigericin and monensin. However, we
also found that nigericin and monensin can cause extensive cell death after long metabolic
manipulations or with primary neuron cultures, precluding our ability to carry out in situ
calibrations in some scenarios. In the absence of calibrated measurements, mCherryEA can still

be used to observe relative changes in pH within a compartment.

In conclusion, we demonstrated that the mCherryEA mutant is a red fluorescent, ratiometric
pH sensor with pKa of 7.3, which is more alkaline than other red fluorescent pH sensors such as

pHRed. It can be used to measure compartment-specific pH changes simultaneously with green
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fluorescent pH sensors such as ratiometric-pHluorin in several different cell types, and in principle

it is spectrally compatible with sensors of other analytes that utilize blue, cyan, green, or yellow

fluorescent proteins.
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CHAPTER 3. QUANTIFYING ACUTE FUEL AND RESPIRATION
DEPENDENT PH HOMEOSTASIS IN LIVE CELLS USING THE
MCHERRY MUTANT AS A FLUORESCENCE LIFETIME SENSOR

Reprinted with permission from Analytical Chemistry. Haynes, E.P., Rajendran, M., Henning, C.K., Mishra,
A., Lyon, A., and Tantama, M. (2019). Quantifying acute fuel and respiration dependent pH homeostasis
in live cells using the mCherryTYG mutant as a fluorescence lifetime sensor, Analytical Chemistry.
Copyright 2019 American Chemical Society.

3.1 Introduction

The measurement of fluorescence lifetime is one of the most important approaches to
obtaining quantitative information from endogenous or exogenous reporters in biological
specimens®?. However, fluorescence lifetime-based pH sensors have not been widely developed
compared to fluorescence intensity or ratiometric probes. New approaches to live-specimen
measurement are important because pH is a fundamental physiological parameter that is relevant
to molecular biology?, microbiology*”, cancer biology®, neuroscience®, and immunology® with
applications in drug delivery! and bioproduction”*2. For example, in microbiology the proper
measurement of pH remains key to answering open questions about homeostasis, environmental
adaptation, and antibiotic resistance mechanisms in pathogenic bacteria such as Escherichia
coli#*3-16, Measurements of cellular pH have provided insights into the underlying microbial
physiology. For example, how decarboxylases, sigma factor, and other stress response systems
enable E. coli to survive the acidic and basic environments of the mammalian gut*!3-%6, These
studies in turn provide foundations for the growing understanding that metabolic factors, such as
respiratory capacity and proton motive force, contribute to the action of different types of
antimicrobials'”*8, In many of these studies, extracellular pH is monitored with electrodes or other
physiochemical methods, with a growing use of fluorescent sensors to measure intracellular pH in
living cells.

Fluorescent pH sensors have long been important in deciphering the physiology of
prokaryotes and eukaryotes®-2%, Small pH-sensitive organic dyes such as BCECF and SNARF?
have been widely used, but dye loading, leakage, and non-specific binding to proteins and
membranes can limit their application. In contrast, pH sensors based on fluorescent proteins (FPs)

have grown in popularity because they are genetically-encoded and can be used in a range of cell
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types and species with targeting ability to organelles and subcellular locations. However, current
FP-based pH sensors still need improvement. For example, commonly-used sensors, such as
pHIuorin and SypHer, utilize green and yellow FP variants?24, Unfortunately, their color overlaps
with the color of most other fluorescent sensors, precluding multiplexed experiments with more
than one probe?l. Therefore, it is important to develop new red fluorescent protein (RFP) pH
sensors, but only a few have been developed thus far?-2°. Furthermore, the current FP pH sensors
rely on single-channel intensity or two-channel ratio readouts. Single-channel intensity sensors
such are excellent for detecting events such as vesicle release in which large pH changes occur,
but they are not ideal for quantifying pH due to high signal variability with expression level.
Ratiometric sensors overcome this problem by normalizing for expression level via the ratio of
two distinct spectral peaks. However, the ratio can depend on excitation power and filter
bandwidths, and they occupy a greater spectral space that can also limit multiplex measurements.
In contrast, fluorescence lifetime is an intrinsic property that offers a single-channel
measurement that is independent of sensor concentration. Notably, lifetime measurements have
proven highly robust and reproducible across different labs using different instrumentation, which
facilitates direct quantitative comparisons of results between studies®. One challenge, however, is
that the application of fluorescence lifetime sensing in biology turned its focus toward fluorescence
lifetime imaging microscopy (FLIM) early on3233, FLIM offers great spatial resolution and
molecular specificity for a number of analytes®*®*including protons?®26-38 but in practice it is not
yet a widely accessible technique because of the requirement for expensive commercial or custom-
built systems. However, in many studies, high spatial resolution is not required to obtain critical
understanding of live-cell physiology, and population measurements are entirely sufficient.
Important alternative techniques are being developed, such as fluorescence lifetime flow
cytometry and microfluidic methods3%4°. Alternatively, steady-state spectroscopy of live-cell
suspensions has proven highly effective for studying the physiology of in bacteria®}-3, yeast**4°,
and mammalian cells*6#7, but the time-resolved modality has not been exploited until now.
In this study, we demonstrate mCherryTYG can quantitatively report pH in live cells with its
fluorescence lifetime. Although wildtype mCherry is pH insensitive, it is the most widely used
RFP and has low cytotoxicity, thus providing an appropriate scaffold for an RFP pH sensor“®. The
M66T mutant, mCherryTYG, is pH sensitive?’ but it has not yet been used as a quantitative sensor.

We find that it matures efficiently, corroborated by a high-resolution crystal structure that we
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obtained showing clear electron density for its chromophore. With solution and live cell studies,
we demonstrate that this sensor exhibits an incredibly large dynamic range with a 2 ns lifetime
change from pH 5 to 9. In a further demonstration of its applications, we use mCherryTYG to
show that bacterial pH regulation is acutely dependent on fuel and aerobic respiration, using live
cell suspension cultures with single-color and dual-color multiplexed measurements for the first

time.

3.2 Methods
3.2.1 Materials

Unless otherwise noted, chemicals were purchased from Sigma Aldrich, enzymes were purchased
from New England Biolabs (NEB), and cell culture media and supplements were purchased from

ThermoFischer (Invitrogen).

3.2.2 Molecular Biology

The wildtype mCherry gene was mutated to mCherryTYG using the NEB Q5 Mutagenesis kit
(forward primer: ACCTACGGTTCCAAGGCCTACGTGAAG; reverse primer:
GAACTGAGGGGACAGGATG) within the pRSETB bacterial expression vector or the GW1
mammalian expression vector. The mCherryTYG-mTurquoise2 fusion was constructed by
linearizing the GW1-mCherryTYG plasmid with BsrGl, amplifying the mTurquoise2 gene by
PCR (forward primer: AGTAAGAATTCGAAGCTTGTGATCATAATCAGCCATACCACATT;
reverse primer: AGCTCGTCCATGCCGC) to add compatible overlaps, and the NEB HiFi kit was
used to insert mTurquoise2 on the C-terminal end of mCherryTYG via a Gibson reaction.

mTurquoise2-N1 was a gift from Michael Davidson & Dorus Gadella (Addgene plasmid # 54843).

3.2.3 Protein Expression and Purification

The pRSETB-mCherryTYG plasmid was transformed into BL21(DE3) E. coli cells and grown in
Autoinduction Media (Formedium) at 37 °C in baffled flasks with continuous shaking overnight
for 12-16 hours followed by 2-3 days of continuous shaking at ambient temperatures. Cells were
pelleted at 6,000xg and stored at -80 °C until purification. His-tagged protein was purified by
nickel-affinity chromatography using a HiTrap IMAC column (Amersham) according to

manufacturer instructions. Purified protein was dialyzed against storage buffer (5 mM MOPS, 300
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mM NacCl, 10% glycerol, pH 7.3), concentrated to 500 uL using a 10,000 MWCO Amicon
Centrifugal Filter (Millipore), and stored at -20 °C for immediate use or -80 °C for extended
storage. Protein produced for crystallization was further polished by size-exclusion
chromatography using tandem Superdex S200 columns (GE Healthcare) pre-equilibrated with 50
mM HEPES pH 7.9 (Shu et al 2006). Fractions containing mCherryTYG were pooled and
concentrated to 20 mg/mL for crystallization.

3.2.4 Steady-State Fluorescence Spectroscopy

pH titrations were performed by diluting protein to 0.2 - 1 uM in assay buffer containing 50 mM
Tris, 50 mM Bis-Tris, 50 mM MOPS adjusted to pH 5.5 - 9.0 with NaOH or HCI at half unit steps.
Fluorescence was measured on a microplate reader (Biotek synergy H5). Emission spectra were
measured using a monochromator with fixed excitation at 540/9 nm and emission scanned from
560 — 700 nm with a 9 nm emission bandpass. Excitation spectra were measured using a
monochromator with fixed emission at 600/9 nm and excitation scanned from 480 — 580 nm with
a 9 nm excitation bandpass. To test for environmental interference, protein samples were prepared
in assay buffer containing either 100mM NaCl, 100 mM KCI, 1 mM MgClz, 1mM CaClz, 10 uM
H202 or 30 uM DTT. The concentration of protein containing mature chromophore was quantified
by measuring absorbance of protein after alkaline denaturation in 1M NaOH at 450 nm (e = 44000
M-1-cm-1) as previously described. Absorbance and fluorescence spectra of 5 - 20 uM protein
solutions at different pH were measured. Extinction coefficients were calculated according to the
Beer-Lambert equation. Quantum vyields were calculated from the slopes from integrated
fluorescence (530 nm excitation) vs. absorbance relationships relative to the wildtype mCherry

standard.

3.2.5 Crystallization

Crystals were obtained by hanging drop vapor diffusion experiments at 25 °C. Optimal
crystallization conditions contained an equal volume of mCherryTYG at 10 mg/mL and well
solution containing 50 mM Tris at pH 8.5, 100 mM sodium acetate, and 30% PEG 4000. Crystals
were harvested on nylon loops and flash frozen in liquid N2. X-ray diffraction data was collected
at 100 K with an Eiger detector at the Advanced Photon Source LS-CAT 21-1D-D. HKL2000 was

used for data integration and scaling. Phaser*® was used to solve the structure by molecular
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replacement using the mCherry structure (PDB 2H5Q)° as a search model. Manual model building
was performed in COOT®! and altered with refinement in PHENIX52. The correctness of the final

structure was determined using MolProbity®?. Structure figures were generated using PyMol.

3.2.6 Time-Resolved Spectroscopy with Purified Protein

The mCherryTYG protein samples were diluted to 0.2 - 1 uM in assay buffer. Fluorescence decays
were measured by time-correlated single-photon counting (TCSPC) on a FS5-TCSPC+
(Edinburgh Instruments) with a Fianium WhiteLaseMicro supercontinuum laser (20 MHz
repetition rate). All mCherryTYG lifetimes were measured with 546/10nm excitation and 580/10
nm emission. Typically, a neutral density filter was used to adjust count rates to 100,000 to 200,000
counts per second to avoid photon pileup artifacts, and typically at least 1,000,000 total photons
were counted for peak counts of 1,000 - 5,000 photons to obtain well-defined decays. The
instrument response function (IRF) was measured using LUDOX suspensions, and IRFs were
collected to match total counting time and background counts of the fluorescent samples. Lifetime
decay time constants were calculated by reconvolution fitting using the Fluoracle software
(Edinburgh Instruments), and the lifetime value was calculated as the weighted average of the

decay time constants. The pKa values were determined by fitting pH data to a Boltzmann function.

3.2.7 Time-Resolved Spectroscopy with Live Cell Suspensions

Leaky expression of the fluorescent protein sensors was sufficient for live-cell experiments in
DH5a E. coli. Bacteria were washed and diluted to an OD of 0.3 - 0.5 in 1.5 mL of continuously
stirred M63 minimal medium (0.4 g/L KH2POg4, 2 g/L (NH4)2S04, 7.45 g/L KCI) buffered to the
desired pH with 50 mM MES for pH 5.5 to 6.5, MOPS for pH 7.0 to 7.5, and Tris for pH 8.0 to
9.0. For live-cell pH calibration curves, IRFs were measured and reconvolution fitting was carried
out to determine the lifetimes. For time course experiments, the empirical tail mean lifetime was
measured to facilitate automated analysis. Empirical tail mean lifetimes were calculated as the
photon count-weighted average lifetime for the 15 ns window after the peak. The pH calibration
curve for the empirical mean lifetime (Figure 23) is comparable to the lifetimes obtained by IRF
reconvolution fitting. Live-cell suspension treatments were added directly to stirring suspensions
at final concentrations of 10 mM glucose, 10 mM KCN, 0.8% glycerol, and 40 mM benzoate and

40 mM methylamine. For simultaneous measurements of intracellular ATP and pH, cells
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expressing mCherryTYG and ATeam1.03YEMK were mixed. The ATeam1.03YEMK CFP donor
lifetime was measured using 435/10 nm excitation with 485/10 nm emission. For simultaneous
measurements of intracellular and extracellular pH, cells expressing mCherryTY G were diluted in
M63 media containing 50 - 100 nM purified EGFP protein. The EGFP lifetime was measured

using 475/10 nm excitation and 510/10 nm emission.

3.2.8° Mammalian Cell Culture, Transfection, and Live-Cell Imaging

HEK-293 cells were cultured at 37 °C in 5% CO2 humidified air incubator in DMEM media
containing 10% Cosmic calf serum (Hyclone). Cells were transfected using calcium phosphate and
imaged after 2 days. Cells were imaged in high potassium imaging solution (mM: 1.25 NaH2PO4,
125 KCI, 2 CaCl2, 1 MgClI2, 10 glucose) containing 2.5 puM nigericin and buffered to pH 5.5 to
9.0. The mCherryTYG fluorescence images were collected using 550/15 nm excitation, 570 nm
longpass dichroic, and 585/20 nm emission filters. The mTurquoise2 fluorescence images were

collected using 438/29 nm excitation, multiband dichroic, and 470/20 nm emission filters.

3.3 Results
3.3.1 Structural analysis of mCherryTYG

We solved the X-ray crystal structure of mCherryTYG to a resolution of 1.09 A, which
allowed us to unambiguously determine the maturation state of its chromophore (Figure 18). The
mCherryTYG mutant contains the M66T mutation found in mOrange that causes an additional
cyclization of its chromophore (Figure 19) 5%°3, In mOrange the threonine mutation positions the
side chain hydroxyl for a nucleophilic attack on the backbone amide, creating an oxazole ring. The
oxaole ring partially disrupts the fully extended chromophore conjugation system found in DsRed-
type RFPs, which results in the shift to orange color. Here, the M66T mutation has the same effect
on chromophore maturation, generating an oxazole ring but in the context of the overall mCherry
scaffold (Figure 18). This chromophore mutation did not significantly alter the overall structure of
the protein as compared to the previously determined wildtype mCherry structure (0.098 A root
mean square deviation for the Ca. atoms of residues 4-225) 0. However, it still induces a shift in
the pKa of the chromophore (Table 4), and protonation of the chromophore at near neutral pH
causes a characteristic shift to a lower wavelength peak in the pH-dependent absorption spectrum

(Figure 20)°4. Taken together, these results are consistent with the idea that the pKa shift of the
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chromophore phenolic proton is caused primarily by decreased n-electron density in the
conjugated chromophore system. In addition to the chromophore itself, structural differences were
observed at residues Glu215, discussed below, and Lys70 (Figure 19).

Comparison of our structure for mCherryTYG (pH 8.5) with those of wildtype mCherry
(PDB 2H5Q, pH 8.5) and mOrange (PDB 2H50, pH 8.2) reveal two distinct conformations for
the glutamate 215 side chain, contributing to changes in the local electrostatic environment of the
chromophore. In wildtype mCherry, the Glu215 side chain is within hydrogen bonding distance
2.7 A from the imidazolinone ring nitrogen of the chromophore; however, in mOrange, this side
chain is rotated 1 A away from the chromophore nitrogen and instead hydrogen bonds with the
interior network of waters. The electron density of mCherryTYG reveals ~50% occupancy of
Glu215 in two conformations, one of which is consistent with wildtype mOrange and the other
with mCherry (Figure 18). In the wildtype mCherry conformation Glu215 is protonated, acting as
the hydrogen bond donor to the chromophore nitrogen; whereas in the mOrange conformation,
Glu215 is deprotonated and acts as the acceptor in its hydrogen bond to water. Importantly,
deprotonation of Glu215 is hypothesized to cause the hypsochromic shift in the absorbance and
fluorescence spectra of wildtype mCherry at high pH®. The spectral shift observed for
mCherryTYG is larger than the spectral shift observed for wildtype mCherry?”*0, This larger shift
is likely caused by the partial occupancy of Glu215 in the anionic state that results in a stronger
local electric field around the chromophore, shown to be a major factor in tuning the color of
fluorescent proteins®. It is also evident that Glu215 in mCherryTYG is titratable in the
physiological pH range (Figure 20). Thus, in mCherryTYG the M66T chromophore mutation
causes an increase in the structural dynamics of Glu215, which plays an important role in
governing the pH-dependent electrostatic environment of the chromophore and is reflected in its
steady-state spectral properties. As described below, this behavior did not negatively impact on
our ability to use mCherryTYG as a pH sensor, as has been observed for other pH sensors like
pHTomato?.

Thus, our X-ray crystal structure of mCherryTYG provides a structural rationale for its
steady-state fluorescence properties. Shu et al. also noted evidence of incomplete chromophore
maturation with the M66T mutation in mOrange, evidenced by green fluorescence®. Importantly,

we did not observe green fluorescence of mCherryTYG when it was purified for protein studies
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nor when expressed in bacteria or mammalian cells, showing that mCherryTYG matures

efficiently (Figure 21).



Table 2 Data collection and refinement statistics

Data Collection

X-ray source LS-CAT 21-I1D-D
Wavelength (A) 1.088 A
Dmin (A) 20.0— 1.09
Space group P1211
Cell dimensions
a, b, c(A) 48.8,42.8,61.1
o, B,v(°) 90, 112.2, 90
Total reflections 473,526
Unique reflections 69,505
Rsym (%) 0.095 (0.072)
Completeness (%) 93.6 (100.0)
(I/an) 10.4 (23.1)
Redundancy 6.8 (7.0)
(CCup) 0.996 (0.993)
Refinement
Refinement resolution (A) 20.0 - 1.09
Total reflections used 76,260
RMSD bond lengths (A) 0.005
RMSD bond angles (°) 1.04
Estimated coordinate error 0.09
(A)
Ramachandran plot
Favored (%) 98.6

Outliers (%) 0.0
Rwork/Rfree (%) 16.7/17.7
Protein atoms 2,168
Ligand atoms 22
Solvent molecules 313
Average B-factor (A?) 15.9
Protein 14.3
Ligand 16.6
Solvent 25.3
Wilson B factor (A2?) 11.7
PDB entry 6M3Z

69



70

A N-terminus B

C-terminus

" Glu215

Figure 18 The X-ray crystal structure of mCherryTYG (PDB 6M32)

with data collection and refinement statistics reported in Table S-2. The (A) overall structure of
mCherryTYG crystallized at pH 8.5 is shown with (B) a close-up view of the chromophore
environment. The 2|Fo|-|Fc| map contoured at 3 ¢ for the chromophore is shown as the blue cage.
Electron density for the two major conformations of Glu215 is shown. (C) One conformation
resembles that of Glu215 found in wildtype mCherry (PDB 2H5Q, grey overlay), and (D) the
second conformation resembles mOrange (PDB 2H50, grey overlay). Distances between atoms
are labeled, and grey spheres are water molecules.
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Figure 19 Structural comparison between mCherryTYG, wildtype mCherry, and wildtype
mQOrange

(A) Protein sequence alignment for the different fluorescent proteins. Chromophore forming
residues are highlighted in yellow. mOrange residues that differ from the mCherry scaffold are in
bold red font. Conserved residues Glu215 and Lys70 are in bold blue font. (B) Omit map showing
the electron density for the mCherryTYG chromophore. (C-D) In addition to Glu215, we also
observed structural differences at Lys70. Lys70 is also thought to contribute to the local electric
field around the chromophore, and in mCherryTYG residue Lys70 shows small deviations from
its positions in wildtype mCherry and mQOrange. In mOrange, the charged side chain of Lys70
hydrogen bonds to the same water coordination network interacting with Glu215. However, in
mCherryTYG the electron density suggests the conformation of Lys70 more resembles the
conformation in wildtype mCherry, and it does not interact with the water coordination sphere
observed in mOrange. In mCherryTYG, Lys70 resembles the conformation found in wildtype
mCherry (C) whereas mOrange exhibits a different rotomer for Lys70 (D). The mCherryTYG
residues are colored green with overlays of (C) wildtype mCherry or (D) mOrange residues in

grey.
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Figure 20 Steady-state fluorescence spectroscopy characterization of mCherryTYG

The pH-dependent spectra were measured, including the (A) absorbance spectra, (B) raw
fluorescence excitation spectra, (C) raw fluorescence emission spectra, (D) fluorescence excitation
spectra normalized to total fluorescence, and (E) fluorescence emission spectra normalized to total
fluorescence. The (F) fluorescence excitation and (G) emission spectra of mCherryTYG
demonstrate that it is not sensitive to differences in physiological salts nor differences in redox
environment.
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Figure 21 mCherryTY G exhibits efficient maturation to the red fluorescent form

(A-B) Expression of mCherryTY G was monitored in live BL21(DE3) E. coli. (A) Emission spectra
with 520 nm excitation were measured as direct excitation of the red chromophore as a reference.
(B) To test if immature green fluorescent chromophore was present at any time point, emission
spectra with 475 nm excitation were measured. Bleedthrough excitation of the fully mature red
fluorescence chromophore was detected near 570 nm emission (note the 4-fold lower y-axis scale),
but no green fluorescence near 510 nm emission was detected in mCherryTYG transformed cells
relative to background measured in pUC transformed control cells. Similar results showing no
detection of immature green fluorescent chromophore were obtained with DH5a E. coli (n=3 for
each cell type and plasmid). (C-D) mCherryTYG mature efficiently and is well-behaved when
expressed in mammalian cells. HEK293 cells expressing mCherry TYG did not show any evidence
of immature green fluorescence. To demonstrate that mCherryTYG maintained pH sensing, we
constructed the mCherryTYG-mTurquoise2 fusion as a ratiometric pH sensor. HEK293 cells
expressing mCherryTYG-mTurquoise2 were incubated in high potassium imaging solution with
the equilibrative H*/K* nigericin and buffered at pH 5.5 to 9.0. The ratio of mCherryTYG red
fluorescence intensity to mTurquoise2 cyan fluorescence intensity exhibits a pH dependent change
with pKa of 7.7 (mean % std).
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3.4 mCherryTYG is a fluorescence lifetime pH sensor

We next demonstrated that mCherryTYG is an effective pH sensor whether in purified
protein or live cells. Steady-state spectroscopy of the protein in solution shows a pH dependence
of both the extinction coefficient (¢) and fluorescence quantum yield (¢) of mCherryTYG (Figure
22). Due to acid quenching from pH 9.0 to pH 5.5, the extinction coefficient decreases from ¢ =
55,000 M-tcm to & = 20,000 M-tcm and the fluorescence quantum yield decreases from ¢ = 0.31
to ¢ = 0.05, causing a greater than 16-fold change in brightness. Importantly, although dimming
occurs in acidic conditions, even at pH 5.5 data acquisition was not encumbered, allowing for
capture of a large biologically relevant pH range. With its large change in quantum yield, we
hypothesized that mCherryTYG would exhibit a large change in fluorescence lifetime.

As hypothesized, time-resolved spectroscopy revealed that mCherryTYG shows an exceptionally
large pH-dependent fluorescence lifetime change in protein solution studies. The mCherryTYG
fluorescence decays were well fit with two exponential components, a fast decay component tfast
~ 0.5 ns and a slow decay component tsiow ~ 3 ns (Table 2). Importantly, the weighted average of
the fitted components, which we simply refer to as the “lifetime”, changes from 1.3 ns to 3.0 ns
from pH 5.5 to pH 9.0, exhibiting a dynamic range with an unprecedented maximal 1.7 ns change
and a pKa of 6.8 (Figure 22). This dynamic range is 4-fold larger than the 0.4 ns lifetime change
exhibited by the RFP pH sensor pHRed?®. Notably, the apparent pKa of 6.8 determined from
lifetime measurements differs from the pKa of 7.4 determined from steady-state brightness
measurements (Table 4), which is expected because of the contribution of photon counting as
described by Mongeon et al®®. Interestingly, there is a reciprocal change in the amplitudes of the
fast and slow components as the pH fluctuates. The slow decay component increases in its relative
amplitude as pH increases, with an apparent pKa of 6.8 in agreement with the pKa determined from
the lifetime response (Figure 23). This trend correlates with acid quenching in which the
equilibrium favors a protonated low quantum yield state. Given the promising results of our protein
studies, we next determined if mCherryTYG would be effective for lifetime measurements when
expressed in live cells.

To this end, we first established that the measurement of mCherryTYG’s lifetime is not
affected by total fluorescence intensity, determined by expression levels, or is it distorted by scatter,
which is determined by culture density. It is known that strongly scattering media such as thick

biological tissues can affect the observed fluorescence lifetime®"58. However, typical bacterial
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suspensions should not cause a significant increase in the photon scattering path length relative to
the magnitude of the fluorescence lifetime. Therefore, we expect the lifetime to be invariant over
a range of liquid culture densities during the log growth phase. To demonstrate this, live cells
expressing mCherryTYG were suspended in minimal M63 media at pH 7.5 at optical densities of
0.1t0 0.7, and total fluorescence intensity and fluorescence lifetime were measured under the same
respective instrumental settings Next, we validated that mCherryTYG exhibits its pH-dependent
lifetime when expressed in live cells. It is well known that the local environment can alter
fluorescent sensor properties due to interactions between proteins, membranes, or other cellular
components®*%0, However, fluorescent proteins offer a distinct advantage because the protein -
barrel surrounding the interior chromophore protects it from interactions with neighboring
biomolecules. To test that pH sensing capability is preserved in live cells, we expressed
mCherryTYG in the cytosol of E. coli and then measured the pH response in live cell suspensions.
As previously established, we used benzoate and methylamine to equalize intracellular and
extracellular pH in these experiments*4261, Significantly, we found that the mCherryTYG lifetime
exhibits a pKa of 6.8 regardless of its environment, whether as purified protein in dilute solution
or expressed in the crowded intracellular environment of a live cell. Interestingly, in live cells there
is an increase in dynamic range with a maximum 2 ns change compared to the 1.7 ns change of
the purified protein. There is also a small decrease in the absolute lifetime values, with lifetimes
ranging from 0.6 ns at pH 5.5 to 2.6 ns at pH 9.0 in live cells. It is possible that non-specific
interactions between mCherryTYG and the cell could cause the shift in lifetime values, however
mCherry is relatively inert*. Furthermore, mCherryTYG is quite pH selective, and it is not
affected by differences in monovalent salts, divalent salts, or redox (Figure 20). Alternatively, the
overall decrease in lifetime is consistent with the higher index of refraction of cellular
environments, which have been measured to cause lifetime shifts of up to ~0.5 ns compared to
dilute protein solutions®%3, Notably, in live cells the mCherryTYG fluorescence is only partially
quenched at pH 5.5, and fluorescence is still easily detectable for lifetime measurements. Thus,
mCherryTYG is a well-behaved pH sensor that retains its pKa in live cells with an exceedingly
large fluorescence lifetime dynamic range.

Interestingly, we noticed that the media composition could greatly affect the basal lifetime
of mCherryTYG when expressed in live cells. We suspected that mCherryTYG was reporting

differences in metabolic activity, specifically respiration, that contribute to intracellular pH
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homeostasis of the aerobic cultures. Thus, the live-cell pH calibration curves were obtained under
metabolic inhibition in the absence of exogenous energy sources and in the presence of cyanide to
block respiration®4%®°, This resulted in highly reproducible pH response curves. Importantly, these
observations suggested that we could use our sensor measurement approach to quantify pH
fluctuations as a readout of metabolic activity in real-time, which we investigated next as a proof-

of-concept application.
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Figure 22 pH-dependent fluorescence lifetime of mCherryTYG

pH-dependent fluorescence lifetime of mCherryTYG. (A) The extinction coefficient (¢) and
quantum yield (¢) are pH-dependent, but low pH does not completely quench fluorescence (mean
+ std, n=3). (B) Representative fluorescence decays from time-resolved measurements of purified
protein show that the fluorescence lifetime decreases with decreasing pH (grey dots, IRF). (C) The
sensor exhibits a pKa of 6.8 both in solution and expressed in live E. coli (mean % std, n=3).
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Table 3 Fitted fluorescence lifetime decay components for the purified protein pH calibration

pH Trast (NS) Rel.% Tslow (NS) Rel.% T (ns) x>

5.5 056+0.01 |57.7+0.38 256+0.03 |423+0.38 140+0.01 |1.11+£0.05
6.0 054+0.01 |55+1 264+0.02 |45+1 148+0.02 |1.17+0.02
6.5 055+£0.02 |44+2 281+0.04 |56+2 181+001 |12+£0.1
7.0 058+0.01 |26.6%05 298+0.03 | 73405 234+£0.02 |1.11+0.05
7.5 0.68+0.01 |17.8+0.1 3.06+0.02 |822+0.1 2.64+0.02 |1.08+0.03
80 |085+0.02 |106+05 |3.09+0.03 |89.4+05 |286+0.03 |1.09+0.05
8.5 1.09+£0.09 [7.1+£0.8 3.11+£0.05 |929+0.38 296+0.04 |1.11+0.04
9.0 126+0.14 |8%1 310+£0.02 |92+1 296+0.01 |1.13+0.04

Table 4 Fitted fluorescence lifetime decay components for the pH-clamped E. coli calibration

pH Trast (NS) Rel.% Tstow (NS) Rel.% 1 (ns) Y2
55 0.29+£0.03 675 1.87 +£0.05 335 0.8+£0.1 1.63+0.06
6.0 0.31+0.04 62+4 2.04 £0.04 38+4 1.0+01 1.6+0.1
6.5 0.35+0.03 45+3 2.39+£0.01 55+3 1.47 £0.08 1.36 £ 0.05
7.0 0.38 £0.03 3H+3 2.53 £0.02 65+3 1.79+0.08 1.26 £0.09
7.5 0.46 £0.09 18+3 2.67 +£0.03 82+3 23%£0.1 1.17 £0.08
8.0 05+£01 13+2 2.69 £ 0.05 87+2 24+01 1.14 £ 0.04
8.5 06x0.1 9+2 2.73+0.03 91+£2 2.54 +£0.06 1.1+0.1
9.0 0.7+£0.2 82 2.75+£0.03 922 2.58 +£0.04 1.14+£0.01
Table 5 Steady-state properties of fluorescent proteins.

RFP Ex. (nm) Em. (nm) g (M1.cm?) ) pKa*
mCherry- 7.41;7.82
TYG? 558 582 20,000 0.05

(pH 5.5) 543 562 55,000 0.31

(pH 9.0
mOrange® 548 562 71,000 0.69 6.5
mCherry? 587 610 72,000 0.22 4.5

1 This study; ? Shen et al.; 3 Shaner et al.>3; 4 Steady-state pKa calculated from pH-dependent
change in fluorescence intensity brightness.
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Figure 23 Fluorescence lifetime decay time constants

Plots of the time constants obtained by reconvolution fitting for sample-matched IRFs also
reported in Tables S1 and S2 for pH calibration curves obtained from (A) purified mCherryTYG
protein or (B) mCherryTYG expressed in live E. coli with benzoate and methylamine pH clamping.
The pH dose response of the relative amplitude of the slow component exhibits (A) a pKa of 6.81
+ 0.08 for purified protein and (B) a pKa of 6.7 + 0.1 for live cells.
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Figure 24 Fluorescence lifetime is independent of scatter and total intensity in live cell suspensions
(A) mCherryTYG fluorescence was detectable live-cell suspensions at an OD of 0.1 to 0.7. (B)
The lifetime does not depend on the total fluorescence intensity or scatter (mean + std, n = 3; no
differences by ANOVA with Tukey’s posthoc, p>0.4 for all comparisons).
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3.4.1 Live-Cell Lifetime Spectroscopy

Building on our sensor characterization, we set out to demonstrate that (1) mCherryTYG
is effective for measuring physiology, (2) time-resolved spectroscopy on live-cell suspensions
provides a quantitative approach to real-time continuous assays, and (3) mCherryTYG enables
simultaneous multicolor lifetime measurements.

With regard to our first two objectives, we carried out single-color fluorescence lifetime
measurements with mCherryTY G to quantify how respiration acutely contributes to pH regulation,
which had not been directly determined in this manner previously. Under aerobic conditions, E.
coli use a variety of pH homeostasis mechanisms to maintain intracellular pH in range of 7 - 8,
even in the face of extreme acid or base stress**3-16, Evolved acid stress resistance mechanisms
include potassium-dependent proton extrusion, amino acid decarboxylation, as well as the
upregulation of many genes including respiratory complex proteins®67. Seminal work using
radioactive tracer distribution demonstrated that respiration contributes to the substantial
difference between intracellular and extracellular pH under aerobic conditions®, and live-cell
nuclear magnetic resonance (NMR) studies showed that pH homeostasis effectively resists
transient pH changes under acid and base challenge®. Under anaerobic conditions, live-cell NMR
also established that ATP can be used to power proton efflux in the absence of respiration®®. Here,
we present a novel approach using mCherryTYG live-cell lifetime spectroscopy to demonstrate
that respiration also contributes to acute pH regulation under aerobic conditions.

We first continuously measured the lifetime of mCherryTYG in live E. coli suspensions
subjected to mild acid stress. Live cells were equilibrated in minimal M63 media buffered at pH 6
containing potassium but no amino acids and no exogenous energy sources®. As expected, at
baseline in the absence of fuel the cytosol was slightly acidic at pH = 6.5 - 7.0 (Figure 25, 26).
Upon addition of glucose, there was an immediate alkalinization of the cytosol with the
intracellular pH approaching pH 8. The subsequent addition of cyanide to block respiration caused
a pH reversal and acidification of the cytosol. Control cell suspensions expressing either no
fluorescent protein or the pH-insensitive wildtype mCherry did not exhibit lifetime changes
(Figure 26). To demonstrate that mCherryTYG was well-calibrated, we added benzoate and
methylamine at the end of the experiment to equialize the intracellular and extracellular pH 6.
Notably, mCherryTYG reported a pH of 6.5 which was consistent with the alkalinization of the

M63 media caused by the addition of the potassium cyanide basic salt, as measured using pH
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electrodes for orthogonal validation. Of note, cyanide addition did not cause a pH change in the
vehicle control without glucose addition (Figure 25, 26), indicating minimal respiratory proton
pumping activity in the absence of a fuel. However, in both the glucose and no fuel control
conditions after cyanide treatment, the cytosol remained alkaline with respect to the extracellular
media, and benzoate and methylamine caused acidification after loss of the intracellular-
extracellular pH gradient. Hence, the live cells also retained respiration-independent homeostatic
mechanisms that persist in the absence of fuel. We observed a similar phenotype when E. coli were
subjected to the same protocol using M63 media at pH 7 (Figure 25, 26). Interestingly, with mild
alkaline stress using M63 media at pH 8, the addition of glucose still caused a trend towards an
alkalinization, though it was not statistically significant across independent cultures (Figure 26).
Thus, our measurements demonstrate that E. coli are able to resist mild acid stress and maintain a
near neutral cytosol on acute timescales even in the absence of an external energy source.
Furthermore, we hypothesize that the cyanide-inhibited alkalinization upon glucose addition
reflects the fuel and respiration-dependent pumping of protons out of the cell to support oxidative
phosphorylation and ATP synthesis.

To test that our experimental conditions do in fact result in intracellular ATP level changes,
we utilized the ATeam1.03YEMK (abbreviated ATeam) fluorescent sensor which is well-tuned
for bacterial ATP levels®®79, The sensor employs Forster-type resonance energy transfer (FRET)
between a cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) donor-acceptor
pair in which ATP-binding causes an increase in FRET?. The steady-state fluorescence emission
spectra of live cell suspensions expressing ATeam were measured in the absence of fuel, after
glucose addition, and after cyanide addition (Figure 27). The emission spectra showed significant
increases in FRET from the resulting increase in intracellular ATP after glucose addition, which
is reversed with the subsequent addition of cyanide. Thus, our time-resolved fluorescence
measurements of mCherryTYG and steady-state fluorescence measurements of ATeam are

consistent with fuel and respiration-dependent ATP synthesis.
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Figure 25 Fuel and respiration-dependent pH homeostasis
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Time-resolved measurements of live E. coli expressing mCherryTYG in M63 media lacking
glucose and amino acids, buffered at (A-C) pH 6 or (D) pH 7. (A) Example fluorescence lifetime
decays. (B) Addition of Fuel, glucose (n=3) or glycerol (n=4), causes an increase in cytosolic pH
reported by the mCherryTYG lifetime, but no-fuel Vehicle addition (n=3) does not. Cyanide (KCN)
blocks respiration and causes acidification after loss of electron transport mediated proton
pumping. Lines connect data for independent cultures. (**p<0.05, *p<0.1, two-tail t-test, paired
within fuel condition, unpaired between fuels). (C-D) Time-dependent changes in intracellular pH
for cells in M63 media at (C) pH 6 and (D) pH 7 (n=3 each). Data are the mean £ 95% confidence
interval (CI) for independent cultures. Benzoate and methylamine (BM) equalize the intracellular

and extracellular pH.
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Figure 26 Live-cell time-resolved spectroscopy on E. coli suspensions

(A) Controls using pUC cells expressing no fluorescent protein and cells expressing pH-insensitive
wildtype mCherry show no change in lifetime with fuel or cyanide addition in M63 media at pH
6. (B) Calibration curve for the empirical tail mean lifetime for continuous live-cell assays. (C-E)
Each trace is the pH response for an independent culture of mCherryTY G expressing cells in M63
media at (C) pH 6, (D) pH 7, and (E) pH 8. (F) The average response at pH 8 (mean + 95%CI)
trended towards alkalinization only with the glucose addition.
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These results show that mCherryTYG is very effective a reporting pH changes linked to
respiratory activity and central energy metabolism, and therefore we next tested whether we could
quantify differences in fuel source. Previous studies have demonstrated that glycerol can support
bacterial respiration, but it is a less efficient energy source that provides half the equivalents of
ATP production compared to glucose’ 3. We therefore hypothesized that using glycerol as fuel
would result in a diminished respiration-dependent alkalinization compared to glucose. Employing
the same experimental protocol, we measured the mCherryTYG lifetime in live cells and found
that the addition of 0.8% glycerol*? caused an alkalinization of the cytosol qualitatively similar to
the response during glucose addition (Figure 25). However, the approximately equimolar addition
of glycerol caused a stoichiometric attenuation in the pH increase compared to glucose addition
(Figure 25). Furthermore, steady-state fluorescence emission spectra of cells expressing ATeam
show that the increase in ATP is significantly lower for glycerol compared to glucose treatment
(Figure 27). Cyanide treatment did cause a decrease in ATP levels, indicating that glycerol
supports ATP production via respiratory activity. Notably, control experiments demonstrate that
the pH sensitivity of the ATeam sensor’® does not account for the observed ratio changes, and
ATeam faithfully reports ATP levels under these conditions (Figure 28). Thus, the use of glycerol
compared to glucose as an energy source results in a quantitative decrease in ATP production that
correlates well with a decrease in respiration-dependent proton efflux.

Using our sensor approach, we have now measured to what extent respiration can contribute
to the regulation of intracellular pH on acute time scales under aerobic conditions. Overall, these
results demonstrate that continuous real-time measurements of mCherryTYG lifetime in live-cell
suspensions can provide new and quantitative insights into the metabolic regulation of pH. In these
experiments, we validated the effects on energy metabolism using steady-state fluorescence
measurements of the ATeam sensor. However, mCherryTYG is a significant addition to the
toolbox of genetically-encoded pH sensors, not only because it provides a lifetime-based readout,
but because it is red fluorescent, making it spectrally compatible with other sensors. We

demonstrate this advantage next with simultaneous multicolor spectroscopy.

3.5 Multicolor Live-Cell Lifetime Spectroscopy.

To address the third objective of our proof-of-concept studies, we showed that mCherryTYG

is spectrally compatible for simultaneous two-color lifetime measurements, facilitating direct
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correlative analysis of more than one physiological parameter within the same specimen. Our
steady-state spectroscopy results demonstrated that the ATeam detects changes in ATP levels
related to the pH fluctuations reported by mCherryTYG. Because ATeam is a FRET-based sensor,
the CFP donor lifetime should also change with respect to ATP levels. The ATP-bound, high FRET
state should have a decreased CFP donor lifetime, and therefore an increase in ATP will cause a
decrease in the ATeam lifetime. Therefore, it should be possible to measure the lifetimes of ATeam
and mCherryTYG simultaneously. To test this, we studied E. coli cultures with a mixture of cells
expressing mCherryTYG and cells expressing ATeam.

As expected, in M63 media at pH 6, the addition of glucose causes an increase in the
mCherryTYG lifetime because of cytosolic alkalinization (Figure 29, 31). Importantly, glucose
addition also causes a concurrent decrease in the ATeam lifetime, reporting an increase in ATP
within the same sample (Figure 29, 31). The subsequent addition of cyanide blocks respiration
causing re-acidification of the cytosol, and there is a correlated increase in the ATeam lifetime that
reports a decrease in intracellular ATP levels with metabolic inhibition. Hence, lifetime changes
of both mCherryTYG and ATeam can be measured simultaneously to directly correlate changes
in respiratory proton pumping and ATP synthesis.

We were then curious how different nutrient additives found in bacterial medias might affect
metabolism. For example, casamino acids are typically used to provide amino acid
supplementation and support nitrogen metabolism in microbial cultures. Interestingly, we found
the addition of 0.2% casamino acids*® in either the absence or presence of glucose caused a similar
increase in the mCherryTYG lifetime that is reversed by cyanide treatment (Figure 29, 31),
showing that casamino acids can support respiratory proton pumping. However, the ATeam
lifetime also increased, indicating an acute consumption of ATP that was further exacerbated by
cyanide addition (Figure 29, 31). We hypothesized It is possible that the consumption of ATP
results from saturation of amino acid influx pathways via energy-dependent ABC transporters as
well as flux through previously depleted anapleurotic and biosynthetic pathways. However,
casamino acids are not a chemically-defined mixture, and in the future beyond this proof-of-
concept, it will be interesting to tease apart the microbial metabolism responsible for these

observations.
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Figure 27 Acute changes in respiration regulates intracellular ATP

(A) Addition of glucose or glycerol increases intracellular ATP levels, reported by increased
FRET-to-CFP peak ratios in the steady-state fluorescence emission spectra of live E. coli
expressing ATeam1.03YEMK. (B) Glucose causes a greater increase in ATP compared to glycerol,
and KCN decreases ATP. Lines connect data for independent cultures. (*p<0.01, 2-tailed t-test,

n=3).
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The ATeam sensor is known to be pH sensitive, but between pH 7.0 to 8.0 the ATeam sensor is
far more sensitive to changes in ATP compared to pH (Imamura et al. 2009 PNAS). To validate
that the ATeam sensor reports true changes in ATP and that the spectral changes are not an artifact
of a pH change, we used live cells expressing the ATeam1.03YEMK(R103A) mutant that does
not bind ATP. Neither glucose (A-B) nor glycerol (C-D) fuel addition causes a change in the
steady-state FRET/CFP emission ratio, and there is only a minor decrease in the ratio after the
addition of KCN. The ratios values are: (A-B) baseline, 1.73£0.01; glucose, 1.66+0.01; KCN,
1.54+0.01; (C-D) baseline, 1.73+0.01; glycerol, 1.65+0.02; KCN, 1.56+0.01; mean+95%CI. Thus,
control experiments using live cells expressing the non-binding mutant demonstrate that the pH
sensitivity of the ATeam sensor does not account for the large ratio changes observed and reported

in Figure

5.
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Figure 29 Simultaneous two-color live-cell lifetime measurements di-rectly correlate intracellular

pH and ATP levels

Live E. coli expressing mCherryTYG (red) and ATeam (green) were mixed in M63 media at pH
6. (A) Glucose addition causes an increase in pH and the mCherryTYG lifetime (7). It also causes
an increase in ATP and thus a decrease in ATeam CFP donor lifetime (green). Block of respiration
with cyanide causes a reversal. (B) Casamino acids support respiratory alkalinization reported by
the increase in the mCherryTYG lifetime, but the increase in ATeam lifetime indicates acute ATP

consumption (mean £ 95% ClI, n=3).
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Figure 30 Simultaneous measurement of the extracellular and intracellular pH
Live E. coli expressing mCherryTYG (red) were suspended in M63 media at pH 8 containing
purified EGFP (green). The media was first acidified to pH 6 with MES, followed by the addition

of glucose and KCN (mean £ 95%CI, n=3).
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Figure 31 Simultaneous two-color live-cell lifetime measurements directly correlate intracellular
pH and ATP levels
Each plot shows the correlated mCherryTYG (red) and ATeamYEMK (green) individual time-
course data for independent experiments testing the effects of (A) glucose addition, which is
presented as averaged data in Figure 6A, and (B) glycerol addition, which is presented as averaged
data in Figure 6B. (C-D) The addition of casamino acids together with glucose supports respiration
and causes intracellular alkalinization reported by the increase in the mCherryTYG lifetime.
However, casamino acid transport and metabolism consumes ATP and causes a decrease in
intracellular ATP levels reported by the increase in ATeam donor lifetime, even in the presence of
glucose. Individual time-course data for independent experiments (C) and averaged data (D) are
presented.
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Figure 32 Simultaneous two-color live-cell lifetime measurements directly correlate intracellular
pH and extracellular pH

Each plot shows the correlated intracellular mCherryTYG (red) and extracellular EGFP (green)
individual time-course data for independent experiments that are presented as averaged data in
Figure 7.

Ultimately, respiration supports the generation of a pH gradient that contributes to the proton
motive force driving ATP synthesis. Therefore we used mCherryTYG and EGFP to measure
different changes in intracellular and extracellular pH simultaneously. EGFP is pH sensitive, and
acidification causes a decrease in its lifetime3"747> Cells expressing mCherryTYG were
equilibrated in M63 media modified to contain 5 mM MOPS, providing weak buffering capacity
at pH 8. Purified EGFP was included in the media, with no amino acids or fuel present. Measuring
mCherryTYG and EGFP lifetimes simultaneously, we first added 50 mM MES to acidify the
extracellular media to pH 6 (Figure 30, 32). Both green and red fluorescence lifetimes decreased,
reflecting the acidification of both the media and cytosol, respectively. Interestingly, the
mCherryTYG lifetime reported a reproducible acid transient indicative of fast regulation that,
taken together with our previous observations, supports the persistence of fuel and respiration-
independent homeostatic mechanisms. Such mechanisms could rely on decarboxylase acid
resistance systems, given the short starvation likely did not completely deplete residual glutamate
and arginine. Upon the addition of glucose, however, the extracellular pH remained constant as
reported by EGFP, while the intracellular pH increased as reported by mCherryTY G. Furthermore,
the addition of the cyanide basic salt caused an alkalinization of the extracellular pH as expected,
and also expected was the blockade of respiration causing an acidification of the cytosol. These
results clearly demonstrate that mCherryTYG and EGFP lifetimes can be measured in live-cell
suspensions to simultaneously quantify intracellular and extracellular pH, providing quantitative

insight into respiratory contribution to the generation of the proton gradient.
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3.6 Conclusions

Understanding pH regulation is fundamentally important to deconvoluting the complex
physiology of species ranging from single-cell prokaryotes to mammals. In this report, we were
able to study metabolically-driven pH changes in live E. coli using mCherryTYG, which we
demonstrate is a highly effective genetically-encoded red fluorescent sensor, that quantitatively
reports pH via its fluorescence lifetime. Using this sensor, we make novel measurements of the
acute contributions of respiration to intracellular pH homeostasis in support of ATP generation.
Our results clearly demonstrate that lifetime spectroscopy of mCherryTYG could be used to
quantify the contributions of different homeostatic mechanisms under different nutrient and
growth conditions. Furthermore, the mCherryTYG pH sensor stands out uniquely as a red
fluorescent lifetime pH sensor. In comparison to the only other RFP lifetime pH sensor
characterized in live cells, the 2.0 ns dynamic range of mCherryTYG is a vast improvement over
the 0.4 ns dynamic range of pHRed®. In fact, the 2.0 ns dynamic range of mCherryTYG is
extraordinarily large for any lifetime sensor, including: EGFP that exhibits a 0.8 ns pH-dependent
change®”7475; intramolecular FRET sensors such as the AKAR protein kinase A’%’7, IDOCKS
protein kinase C’8 and epac CAMP™ sensors that exhibit 0.2 ns, 0.3 ns, and 1.0 ns changes,
respectively; and intermolecular FRET small GTPase activity sensors that exhibit 0.3 ns changes®.
Additionally, we found that neither the pKa or dynamic range of mCherryTYG was strongly
perturbed by expression in live cells, unlike many other sensors that experience significant changes
in analyte sensitivity as well as attenuated dynamic ranges®%82, Thus, in general our methodology
fills an important technology gap that provides molecular specificity in the live-cell context

without the high barriers of FLIM instrumentation.
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CHAPTER 4. TOWARDS THE DEVELOPMENT OF A RECEPTOR
INTERNALIZATION ASSAY WITH PH-SENSITIVE FLUORESCENT
PROTEINS

4.1 Introduction
4.1.1 Receptor trafficking and regulation

Inter and intracellular signaling are vital for the maintenance of cell health and
communication**. Families like G-protein coupled receptors (GPCRs) contribute to a number of
physiological processes, including immune and nervous system regulation, as well as cell growth
and proliferation®®. In fact, dysregulation in signaling cascades initiated by GPCRs can result in
the metastasis of some cancers’. Cell surface receptors thus play a crucial role in the initiation and
propagation of cell signaling. After stimulation by an agonist, receptors undergo conformational
changes that translate intracellularly to secondary messengers that modulate cell cycle and
function®. After prolonged stimulation, receptors are regulated in a number of ways: 1)
Desensitization: Receptors become non-responsive to continued agonist stimulus, resulting in
decreased intracellular response by second messengers. 2) Endocytosis or Internalization:
Receptors are engulfed and removed from the cell surface for degradation in lysosomes or
recycling back to the membrane>®. However, within these two categories lies a multitude of
combinations. For example, receptors can resensitize after agonist-induced desentization, or
continue signaling during early endosomal processing. In some cases, such as the transporters
aquaporin or GLUT4, receptors are expressed on the cell surface in negligible levels, and are
transported to the cell membrane after stimulation by a complex and poorly understood
coordination of secondary messengers and transport proteins®%, Thus, there remains a need to

investigate the dynamic and variable flux in receptor trafficking and signaling control.

4.1.2 Glucose Transporter (GLUT) 4: Trafficking and role in neurodegeneration

In neurons, proper production and trafficking of mitochondria is vital for energy consuming
action potentials and rapid neurotransmission. In fact, even acute disruptions in ATP supply cause
immediate and drastic effects on neuron function®?. However, the unique shape and structure of
these cells makes it difficult to effectively supply this energy throughout the cell. To achieve

efficient signaling within the CNS, as well as communicate with peripheral organs, neurons must
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extend out, sometimes developing long (1 m) axons and highly branched dendritic spines. As
neurons need sufficient supply of mitochondria in both the soma as well as trafficked along axons
and dendrites, failure in mitochondrial transport or electron chain dysfunction can lead to increased
reactive oxygen species (ROS) resulting in insufficient ATP production and neuron degradation??,
In fact, loss of neurons in the substantia nigra is one of the hallmarks of Parkinson’s Disease
pathology and has been correlated with impaired mitochondrial function'4. However, it has been
recently reported that attenuation of severe damage due to mitochondrial dysfunction is possible,
at least temporarily, by redistribution of glycolysis metabolites and in PD models, neurons uptick
glycolysis in an attempt to compensate for the loss in mitochondrial ATP production'415. In fact,
diminished glucose uptake is observed in both Alzheimers and Parkinson’s patients by F19-
Positron Emission Tomography (PET), with research underway to determine if this hallmark could
serve as a viable clinical diagnostic®6. However, studying the biochemical mechanisms behind this
switch is difficult, due to the lack of tools to spatially and temporally resolve key players and
dynamics in both healthy and disease states.

Glucose transporters (GLUTS) play a key role in glycolysis, functioning as shuttles of
glucose from high extracellular concentrations to low intercellular concentrations, feeding ready
glycolytic machinery. These transporters differ in their glucose binding efficiency, expression and
distribution, which is largely dependent on cell type and metabolic need?’. For instance, GLUT1-
3 are constitutively targeted to the membrane, with high affinity GLUT3 (Km ~ 1.5 mM) mainly
present in the brain where the glucose demand is consistently high. The activity of other glucose
transporters, such as GLUT4, is modulated by extracellular stimuli'®. In the presence of insulin,
GLUT4 insertion in the extracellular membrane increases dramatically, with subsequent glucose
transport increasing by as much as 40-fold. In the absence of insulin, basal levels of membrane-
embedded GLUT4 plummet to almost negligible amounts. Though primarily expressed in muscle
and adipose tissue, in vivo staining shows the importance of GLUT4 in activity-dependent glucose
transport in neurons®®® However, it is largely debated how signaling from insulin-receptor
binding is translated to GLUT4 expression on the plasma membrane. There are currently opposing
theories; GLUT4 is packaged into vesicles in a static location until insulin binding to receptors, or
a flux of vesicle endo- and exocytosis favors release after stimulus. Recently, the small G protein
Rab10 has been linked to GLUT4 relocation. Studies show upwards of a 50% decrease in

membrane localized GLUT4 in the absence of Rabl0, in both cultured adipocytes as well as
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knockout mice?®?!, Interestingly, Rab10 is also a substrate for leucine-rich repeat kinase 2
(LRRK?2), a kinase well-studied for its role in Parkinson’s Disease pathology??. Mutations in
LRRK2 have been shown to increase enzyme activity, and inhibition of LRRK2 results in
decreased levels of phosphorylated Rab102223, With this direct correlation, it is reasonable to
hypothesize LRRK2 malfunction would have a direct effect on both Rab10 localization in neurons
as well as inherent ability to relocate GLUT4 to the plasma membrane. To date there are two
generalized methods for tracking GLUT4 in live cells: 1) From receptor stimulus to downstream
intracellular targets, and 2) From GLUT4 protein expression to plasma membrane fusion. Here
we propose a method to combine these detection pathways. Using genetically encoded fluorescent
tools to label GLUT4, as well as modulators Rab10 and LRRK2, we can broaden metabolic

analysis both spectrally and temporally in healthy and disease state neurons.

4.1.3 Utilizing the SpyTag/SpyCatcher platform for monitoring receptor internalization

Developed by the Howarth laboratory, the SpyTag/SpyCatcher features a peptide-protein
interaction that forms a spontaneous isopeptide bond when in close proximity and correct
orientation (Figure 33)?425. Once formed, this covalent bond resists environmental degradation
and has been used in several applications including enzyme stabilization and vaccine
optimization?627. Similar to small peptide epitopes such as FLAG (8 amino acids) or myc (10
amino acids), SpyTag (13 amino acids) can easily be engineered into a protein of interest, with its
larger protein counterpart SpyCatcher (138 amino acids) either expressed as a fusion with another
protein of interest or coupled to a dye or fluorescent protein to monitor localization of SpyTagged
domains after removal of unbound SpyCatcher?®. When expressed in cells, the SpyTag/SpyCatcher
chemistry displayed slow Kinetics, so a second generation SpyTag (SpyTag002) was optimized to
increase SpyTag-Spycatcher reactivity for live cell applications?®. Recently, this platform was used
to successfully label channelrhodopsins (ChR) expressed in HEK cells, as well as showed labeling
of ChR expression in neurons does not significantly affect function in vitro?®. We decided to utilize
this strategy to tag membrane bound receptors post-translationally to monitor their dynamics in
vitro. A novel aspect to our approach is our use of fluorescent protein pH sensors that will also

allow us to discriminate trafficking through early (near neutral pH) and late (acidic) endosomes.
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Figure 33 SpyTag-SpyCatcher chemistry
Isopeptide formation between Lys31 of the SpyCatcher protein and Asp117 of the SpyTag
peptide can be utilized for post-translational modification of cellular proteins.

4.2 Materials and Methods

Unless otherwise stated, chemicals were purchased from Sigma Aldrich; molecular biology
enzymes were purchased from New England Biolabs (NEB); plasmid templates were purchased
from Addgene; cell culture media and supplements were purchased from Invitrogen. HEK-293a

cells were purchased from ATCC.

4.2.1 Molecular Biology

pQE8OL-SpyCatcher-ELP-GFP was digested with Sacl and Baml for GFP removal. pHluorin2
was amplified from pME-pHIuorin2-gpi using primers
GTGTGCCGGGCGTTGGTGAGCTCATGGTcAGCAAGGGCGAGGAGCT (forward) and
GCTTTGTTAGCAGCCGGATCCtcatcaTTACTTGTACAGCTCGTCCATGC (reverse)then
added to template via Gibson assembly. mKeima was amplified from Addgene56018-
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mKeimaRed-mito7 using primers
GTGTGCCGGGCGTTGGTGAGCTCATGGTGAGTGTGATCGCTAAAC  (forward) and
GCTTTGTTAGCAGCCGGATCCtcatcaTTAACCGAGCAAAGAGTGGC (reverse) then added
to template via Gibson assembly. A gBlock was ordered containing sequencing for a secondary
spytag (SpyTag002), tandem BC2 tags (2xBC2), and primary spytag (SpyTag001), and amplified
with primers CGGACGCGCGTCGACAGACTATAAAGATGACGATGACGG (forward) and
GTTCTTCGGCTTCGCGTACTTGTTGCCAGTGAGAAACAG (reverse). The amplified tag
was added to the N-terminus of GLUT4-mCherry by linearization of pLenti-myc-GLUT4-
mCherry with Agel and Gibson assembly with gblock amplified PCR product. SpyTag was added
to the N-terminus of pCMV-hP2YR11 via Q5 mutagenesis with  primers
AAGCCGACGAAGGGTTCAGGGGGTGACGCCAGCATCGATATG (forward) and
GTAGGCGTCCACCATCACAATGTGAGCTCCGGCGAATACCAGGCAGAAG  (reverse).
mTurquoise2 was added to the C-terminus of SpyTag-hP2YR11 by first amplifying mTurquoise2
from the vector pBAD-mTurquoise2 using primers
gatattcgcttgatcgataccggtATGGTGAGCAAGGGCGAG (forward) and
ctaatgtctagactcgagtcaTTACTTGTACAGCTCGTCCATGC (reverse) and digesting both PCR

product and template with Agel and Xbal. Products were assembled using T4 ligation.

4.2.2 SpyCatcher protein production and purification

SpyCatcher-ELP-pHIluorin2 and SpyCatcher-ELP-mKeima were transformed into BL21(DE3) E.
coli cells and grown in Autoinduction Media (Formedium) at 37 °C in baffled flasks with
continuous shaking overnight for 12-16 hours followed by 2-3 days of continuous shaking at
ambient temperatures. Cells were pelleted at 6,000xg and stored at -80 °C until purification. His-
tagged protein was purified by nickel-affinity chromatography using a HiTrap IMAC column
(Amersham) according to manufacturer instructions. Purified protein was dialyzed against storage
buffer (5 mM MOPS, 300 mM NacCl, 10% glycerol, pH 7.3), concentrated to 500 uL using a 10,000
MWCO Amicon Centrifugal Filter (Millipore), and stored at -20 °C for immediate use or -80 °C
for extended storage.
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4.2.3 Steady-State Fluorescence Spectroscopy

SpyCatcher-ELP-pHIluorin2 was diluted to uM 1 in assay buffer containing 50 mM Tris, 50 mM
Bis-Tris, 50 mM MOPS adjusted to pH 5.5, 7.5 or 9.0 with NaOH and HCI. Fluorescence was
measured on a microplate reader (Biotek synergy H5). Excitation spectra were measured using a
monochromator with a fixed emission at 510/9 nm and excitation scanned from 370-490 nm with

a 9 nm excitation bandpass.

4.2.4 Mammalian Cell Culture, Transfection, and Live-Cell Imaging

HEK-293 cells were cultured at 37 °C in 5% CO2 humidified air incubator in DMEM media
containing 10% Cosmic calf serum (Hyclone). Cells were transfected using calcium phosphate and
imaged after 2 days. Cells were imaged in high potassium imaging solution (mM: 1.25 NaH2PO4,
125 KCI, 2 CaCl2, 1 MgCl2, 10 glucose). mCherry fluorescence images were collected using
550/15 nm excitation, 570 nm longpass dichroic, and 585/20 nm emission filters. pHluorin2
fluorescence images were collected using 474/34 nm and 395/25 nm excitation, and 525/50
emission filter. mTurquoise2 fluorescence images were collected using 438/29 nm excitation,
multiband dichroic, and 470/20 nm emission filters. 200-400 uM SpyCatcher-ELP-pHIluorin2 was
diluted to 20-40 uM in imaging solution directly onto cells and incubated at room temperature for
30 mins to 1 hr. Cells were washed gently 3-5x with imaging solution and imaged immediately

after to localize staining.

4.3 Results

Glucose transporters are difficult to track as they are not constitutively expressed in large
quantities on the plasma membrane and are instead trafficked intracellularly until insulin
stimulation. Our long-term hypothesis is that PD associated mutations in LRRK2 kinase inhibit
GLUT4 translocation to metabolically destabilize neurons through altered Rab10 signaling.
Burchfield et al. showed successful labeling of GLUT4 using green fluorescent protein (GFP),
however, as both the N and C terminus of the transporter are heavily involved in signaling,
engineering of the GFP was done within an exterior loop3C. Thus, in this project we tested the
SpyTag-SpyCatcher labeling strategy by engineering SpyTags into both an exterior loop of

GLUT4 as well as an orthogonal approach labeling the free N-terminus of the unrelated purinergic
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receptor P2YR11. For the label, we engineered two different SpyCatcher fusions to the ratiometric

red fluorescent mKeima and green fluorescent pHIuorin2 pH sensors.

4.3.1 Engineering SpyTag-GLUT4 for labeling with pH sensitive fluorescent protein fusion
SpyCatcher-pHIluorin2

We first tested whether fusion of the ratiometric pH sensitive pHIuorin2 with SpyCatcher
would alter its function in vitro. The pHIuorin2 protein was fused to the C-terminus of the
SpyCatcher protein with a flexible Elastin-Like Protein (ELP) linker to prevent the fluorescent
protein domain from sterically inhibiting the SpyCatcher binding and chemistry3l. After gel
separation confirmed purified SpyCatcher-ELP-pHIluorin2 was intact, we diluted the protein in
buffer at pH 5.5, 7.5 and 9.0 and saw expected shifts in excitation peaks as a function of pH (Figure
2). We then moved forward with tagging the GLUT4 receptor for staining with SpyCatcher-ELP-
pHIuorin2. Burchfield et al. showed successful engineering of GFP in an exterior loop of the

transporter GLUT4 which did not disrupt expression or signaling in mammalian cells*.
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Figure 34 SpyCatcher-pHluorin fusion retains characteristic pH response in vitro

1 uM protein was diluted in buffer at pH 5.5, 7.5 or 9.0 and showed expected changes in dual
excitation peaks as a function of pH, with acidic conditions showing increased 475 nm excitation,
and alkaline conditions showing increased 395 nm excitation.
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We next engineered tandem SpyTags into the first luminal-extracellular loop of a rat
GLUT4-mCherry fusion. The C-terminal red fluorescent mCherry provided a label to observe
the total GLUT4 population without interfering with pHIuorin2 green fluorescence. In
preliminary studies, we found successful expression of SpyTag002-SpyTag001-GLUT4-
mCherry in HEK293a cells (Figure 35). After staining with 20 uM SpyCatcher-ELP-pHIluorin2
for 1 hour at room temperature, pHIuorin2 fluorescence was detected (Figure 35). The green
fluorescence from pHIluorin2 was weak, but it was above background and cannot be accounted
for by spectral bleedthrough from the mCherry. The pHIuorin2 green fluorescence co-localized
onto the same cells exhibiting red fluorescence from GLUT4-mCherry but not onto neighboring
cells lacking GLUT4-mCherry, indicating specific labeling (Figure 35, Figure 36). Furthermore,
control experiments showed that SpyCatcher-ELP-pHIluorin2 did not label untransfected cells.
We hypothesized weak staining could be due to poor basal GLUT4 surface expression, which
could be tested with an insulin dose response to see if GLUT4 membrane expression increases
for subsequent staining with SpyCatcher; slow SpyTag/SpyCatcher chemistry even with
optimized SpyTag002 present, which could make for overall poor in vivo application; or
decreased accessibility due to engineering into an external loop. To test tag accessibility, we
pursued an orthogonal approach appending the SpyTag sequence onto the N-terminus of a P2Y

receptor protein.
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Figure 35 SpyTag-GLUT4-mCherry expression in HEK293a cells

Before (upper panels) and after (lower panels) staining with 20 uM SpyCatcher-ELP-pHIluorin2
for 1 hour in ambient conditions. pHIluorin2 is weakly detected but present after washing with
imaging solution.

Figure 36 Zoom in of SpyTag-GLUT4-mCherry/SpyCatcher-ELP-pHIluorin2 overlay

Here we see localization of GLUT4 via mCherry fluoresence at the membrane as well as internally
packaged (noted by internal red puncta). Importantly, after staining with SpyCatcher-ELP-
pHIuorin2, we do not see pre-existing GLUT4 in endosomes labeled with pHIuorin2, as expected,
and do see co-localization of SpyCatcher-ELP-pHIluorin2/SpyTag-GLUT4-mCherry at the
membrane.
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4.3.2 Purinergic P2Y receptors and GPCR signaling control

Purinergic P2Y receptors (P2YR), a subset of G protein-coupled receptors (GPCRs), are
activated by adenine and uridine nucleotides which lead to a number of downstream processes
including cell growth and differentiation®>3, In recent studies, increased P2YR11 gene
amplification was seen in patients with narcolepsy, however, studies on P2Y11 mechanism and
function in disease models is lacking. This is due in part by the inefficiency of targeted antibodies,
as well as the absence of a murine homolog, making exploratory analysis in knock out mice
impossible?. By developing optical tools to study P2YR11 trafficking and signaling, we can
broaden our knowledge of P2Y function, as well as provide information broadly about receptor
internalization as a method of GPCR control.

Activation of the P2Y11 receptor with ATP or UTP causes a canonical Gag-dependent
activation of phospholipase C-4 (PLCp), producing second messengers that mobilize intracellular
calcium?®3. Upon desensitization, g-arrestin is recruited and receptors are quickly shuffled to early
endosomes where they will follow two main trafficking pathways: 1. Receptors are
dephosphorylated in the endosomal compartment, to then be recycled back to the plasma
membrane, or 2. Receptors are internalized in lysosomes, inducing further acidification and
receptor degradation3*.

G protein-dependent signaling by receptors was traditionally thought to be localized on the
plasma membrane. However, over the past decade, studies have provided evidence that
internalized GPCRs can continue signaling, even after removal from the cell membrane surface®.
By spatiotemporally resolving oscillations in P2Y activity due to persistence of ligand,
desensitization of receptor, and further signaling after recruitment into endosomal vesicles, we can
further our understanding of the complex dynamics in GPCR signaling and receptor internalization.
Here we discuss a method for N-terminally tagging the P2Y 11 receptor with a short, genetically
encoded sequence, which covalently binds to a fluorescent fusion protein when introduced
extracellularly. By fluorescently tagging the receptor after proper insertion in the membrane, we
can track endocytosis and recycling kinetics, as well as co-express spectrally compatible
downstream targets to monitor receptor signaling dynamics both imbedded in the membrane and

after endosomal formation and binding with S-arrestins.
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4.3.3 Engineering a SpyTag-P2YR11 for labeling with pH sensitive fluorescent protein
SpyCatcher fusions

We first engineered the SpyTag001 peptide sequence on the free N-terminus of P2YR11,
with the objective of specific receptor labeling using the SpyCatcher-ELP-pHIuorin2 or
SpyCatcher-ELP-mKeima. When added in uM concentrations, labeled receptors would covalently
bind to SpyCatcher fusions, allowing receptor staining and thus tracking of the receptor as well as
pH dynamics throughout endosomal processing or recycling. After transfection of the SpyTag-
P2YR11 construct in HEK293a cells, we began a series of conditions to stain with purified
SpyCatcher-pHluorin protein. Reported protocols call for staining at room temperature for 30 min
— 1 hr with 25 uM SpyCatcher protein. Our goal was to both stain the receptor, and control
endocytic events, therefore we attempted three temperature conditions. 1) 4°C for 1 hr to slow
down endocytosis kinetics while staining, which could engulf our sensor before further
manipulating extracellular stimulus. 2) Ambient conditions for 1 hr to repeat published protocols.
3) 37°C for 1 hr to assess whether increased temperature increased rate of reaction for SpyTag-
SpyCatcher binding. At 4°C, we found overwhelming cell death, making cells unusable.
Unsurprisingly, we saw greatest success with a 1 hr ambient incubation, with potential staining
determined qualitatively, although very weak (Figure 37A-B). However, without a fluorescent
label on the receptor, we were unable to determine expression levels of the transfected construct.
To investigate our transfection efficiency, we first co-expressed mApple with SpyTag-P2YR11
and saw efficient mApple expression and signal. Confident in our transfection approach, we
moved to engineer a spectrally compatible fluorescent protein on the C terminus of the SpyTag
labeled receptor. SpyTag-P2YR11-mTurquoise2 showed successful expression and membrane
labeling, however, after staining with both SpyCatcher-pHluorin or SpyCatcher-mKeima with 10-
25 mM protein at room temperature or 37°C for 1 hr, we were unable to see localized staining
(Figure 37C-F). After running the construct through a SignallP server, correct cleavage after the
engineered HA trafficking signal sequence was determined, however, there was also a 40%
probability cleavage would occur after the SpyTag, removing the SpyTag altogether. Strategies
were developed to attack this problem in two ways: 1) Repair the N terminus by adding a FLAG
tag after the HA signal peptide to ensure proper cleavage and 2) The addition of an optimized

SpyTag002 tag for increased efficiency of isopeptide bond formation. This increased potential
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labeling targets from one to two, as well as extended the tag further into the extracellular space,

potentially increasing opportunities for binding. Molecular biology for this strategy is underway.

Figure 37 SpyCatcher staining of SpyTag-P2YR11 in HEK293a cells

A-B) HEK293a cells stained with 25 uM SpyCatcher-pHIuorin2 (emission 525nm) transfected
with A) Vehicle and B) SpyTag-P2YR11. C-D) HEK293a cells transfected with SpyTag-P2YR11-
mTurquoise2 pre-stain at C) 525 nm turquoise emission and D) 632 mKeima emission. E-F)
SpyTag-P2YR11-mTurquoise transfected HEK293a cells post 1 hr incubation with 25 uM
SpyCatcher-mKeima at E) 525 nm turquoise emission and F) 632 mKeima emission. Although
mTurquoise expression remained consistent, mKeima showed no co-localization and appeared to
absent after wash.
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4.4 Conclusions and Future Directions

The SpyTag/SpyCatcher system to post-translationally label receptors in live-cell assays
proved a potentially viable strategy. After tagging an extracellular loop of GLUT4 with dual
SpyTag peptides, we saw weak but promising staining of SpyCatcher-pHIluorin2 after co-
incubation for one hour. Moving forward, we will further optimize our staining strategies to see
clear tagging of the transporter with pHIluorin2. Once optimized, it would also be interesting to
combine this assay with fluorescent ATP sensors to see the effects of intra and extracellular ATP
production as a function of GLUT4 localization to the membrane. Looking to proceed with an
orthogonal tagging approach, we appended the SpyTag peptide onto the N-terminus of the
purinergic receptor P2YR11. Recent studies showing overexpression of P2YR11 in patients with
narcolepsy has prompted further investigation into its function, however, the lack of tools
including a rodent genomic model make this difficult. After successfully expressing and locating
SpyTag-P2YR11-mTurquoise in HEK293a cells, we saw minimal staining after several attempts
using SpyCatcher-mKeima with varying incubation times, locations and temperatures. However,
the SpyTag-P2YR11-mTurquoise labeled receptor showed signs of FP overexpression and
variable membrane targeting. Moving forward, it should be determined if poor trafficking of
P2YR11 is due to DNA overload during transfection, the appendage of a N-terminal tag or fusion
with a C-terminal fluorescent protein. Once optimized, multiplex imaging with fluorescently
labeled downstream signaling proteins such as CAMP or GRK2 sensors would be advantageous to
monitor both endocytic receptor pathways as well as downstream signaling cascades in
combination. Furthermore, as localization and organization of the glucose transporter GLUT4 is
thought to be trafficked in part by the Rab GTPase Rabl0, a substrate of the leucine rich repeat
kinase LRRK223, coexpression of the red fluorescently labeled GLUT4 (GLUT4-mCherry) with
cytosolically expressed green fluorescent labeled LRRK2 (LRRK2-eGFP) as well as the most
commonly PD associated mutant LRRK2(G2019S)-eGFP could begin to tease apart this
relationship. After co-expression has proven successful, we will test the location of GLUT4 in the
presence or absence of insulin, with wild type and G2019S mutated LRRK2 to see the effects of
LRRK2 on GLUT4 trafficking dynamics.
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CHAPTERS. APPLYING LANTHANIDE BINDING TAGS TO
ENABLE THE USE OF FLUORESCENT PROTEIN SENSORS IN TR-
LRET ASSAYS

5.1 Lanthanides as LRET donors

The introduction of genetically engineered fluorescent proteins has greatly enhanced the
ability to detect both inter- and intra cellular dynamics, however, fluorescent proteins in the visible
range are susceptible to signal contamination by autofluorescence both in vitro and in vivo.
Additionally, background fluorescence from biological compounds such as flavins (FAD),
pyridines (NAD) and collagen produce low signal to background ratios, reducing targeted
detection sensitivity!? . Due to their unique spectral characteristics, lanthanide chelates have been
utilized as donor modules for various biological sensors in both academic and commercial
applications®* . Forbidden f-orbital transitions lead to long luminescence lifetimes (u to ms),
remarkably longer than fluorescent proteins or background fluorescence from matrix molecules
(ns)>®. Long luminescence lifetimes have been exploited industrially, in fact, Homogeneous Time
Resolved Fluorescence (HTRF) assays using lanthanide chelates have been developed by life
sciences companies Cisbio and PerkinElmer. The commercially available TR-LRET Immunoassay
kits LANCE® and DELFIA® have been optimized and distributed for a myriad of applications
including GPCR functional and mechanistic assays, deconvoluting protein-protein interactions and
large scale drug screening®’~°. While providing an efficient and user-friendly platform, these
commercial assays are confined to a plate format, typically utilizing antibody labeling, with
required lysis steps resulting in an inability to temporally resolve dynamic interactions in vivo.
Therefore, optimizing time resolved assays for live cell microscopy using lanthanide chelates has

been a subject of great interest.

The Imperali group at MIT utilized the Ca?* binding domain of the EF hand motif to optimize
Terbium binding and excitation by positioning tyrosine and tryptophan residues as terbium
antennas (Figure 38). These relatively short peptide sequences labeled Lanthanide Binding Tags
(LBTSs) have been thoroughly characterized, with apparent equilibrium dissociation constants in
the nanomolar range!®*?. Typically consisting of six metal coordinating residues, this multi-
dentate configuration creates a protective sphere around the ion, shielding it from potential

decreased lifetime due to solvent quenching.
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Figure 38 The ‘antennae’ effect. Lanthanide binding tags (LBTSs) containing tryptophan residues
act as lanthanide antennas, effectively transferring irradiated light to the metal ion
Energy (280 nm) absorbed by the Trp ligand sensitizer is transferred to Ln(l11) excited states.
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Importantly, the LBT-Tb** complexes excite in the UV region, and do not overlap with
most commonly utilized fluorescent proteins (ex: GFP variants), with excitation profiles in the
450-500 nm range®3. Furthermore, these complexes exhibit long (us to ms) luminescence lifetime,
orders of magnitude longer than the fluorescence lifetime of protein sensors (Figure 2). This
extraordinarily long lifetime can thus be exploited for time resolved luminescence resonance
energy transfer (LRET) by engineering these tags onto fluorescent protein targets®1415, This relay
relies on a non-radiative energy transfer from the Th®* bound tag to the fluorescent protein of
interest. After a brief excitation pulse at 280nm, detection is delayed by a 50-150 ps window to
allow for the decay of inherent background fluorescence (nanoseconds) of other molecules in
solution (Figure 39). This greatly decreases non-specific background signal, resulting in increased
signal-to-background and sharper emission spectra (Figure 39). We hypothesized the addition of
a LBT sequence could provide an easy method for non-radiative energy transfer to a fluorescent
protein of our choosing. Easily genetically encoded, this tag could extend FP emission lifetime an
order of magnitude, greatly decreasing background autofluorescence from matrix proteins and
small molecules. We decided to test the addition of a luminescent lanthanide probe (LBT) onto
eGFP as proof-of-concept to show LRET between an excited Tb-LBT chelate donor and a
fluorescent protein acceptor. If it is possible to engineer long FP lifetimes with a lanthanide tag,
we then hypothesized it could be possible to engineer conversion of a steady-state FRET based
sensor into a time resolved LRET-FRET reporter. Fusion of the LBT onto the terminus of the
donor FP could extend the donor FP lifetime, and thus extend the lifetime of the FRET relay. We
chose the extensively characterized Protein Kinase A (PKA) FRET sensor AKAR as a proof-of-
concept (Figure 40), with the goal of providing an easy way to extend FRET lifetime for

applications in live-cell microscopy.
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Figure 39 Lanthanide-sensitized luminescence

Short-lived fluorescence of matrix proteins and molecules, as well as direct excitation of the
acceptor, is significantly diminished after a time delay between excitation of a lanthanide complex
donor and recording of acceptor emission.

5.2 Protein kinase A (PKA) in GPCR signaling cascades

We chose the PKA FRET sensor AKAR2CR as a LRET-FRET proof of concept due to the
broad importance of PKA in maintaining cellular health'®%°, G-protein coupled receptors
(GPCRs), the largest family of cell membrane receptors, are important for signaling in numerous
cell types, including communication between neurons via synaptic transmission®°, When bound
to their respective ligand, Gas or Gai coupled GPCRs activate or depress adenyl cyclase (AC),
whose downstream signaling modulates intracellular cyclic adenosine monophosphate (CAMP)
levels. In times of increased cAMP concentrations, protein kinase A (PKA) binds two cAMP
molecules, inducing a conformational change and freeing catalytic subunits to phosphorylate
serine or threonine residues®?%. Interestingly, substrates phosphorylated by PKA are variable,
depending on subcellular location, and aberrant function has been implicated in diabetes, cancer
and cardiovascular disease®?. Therefore, understanding how PKA is localized subcellularly, as
well as its substrate discretion is important in understanding broader GPCR and cAMP dependent

signaling.
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5.3 AKAR2-CR is a well-studied PKA sensor

The FRET-based PKA sensor AKAR2-CR was developed by tethering GFP (Clover) and
RFP (mRuby2) fluorescent proteins together via a known PKA substrate sequence and a
phosphopeptide binding domain (FHA1)?°. Once phosphorylated by PKA, the FHA1 domain binds
to the phosphorylated substrate sequence, bringing the two fluorescent proteins in close proximity
for FRET to occur (Figure 40). Thus, AKAR2-CR creates a viable PKA sensor that can be used

for monitoring PKA activity both in vitro and in vivo..

PKA + ATP

"

PKA substrate

FHA domain
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Excitation Emission Excitation Emission

"
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Figure 40 Reporting of PKA activity is possible using the AKAR2-CR FRET sensor

Under conditions of low activity, the PKA substrate is unstructured, resulting in low Clover-
mRuby2 FRET. After phosphorylation by PKA, the PKA substrate sequence is bound by FHA1L,
shifting mRuby?2 close to Clover for FRET to occur.
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5.4 Engineering an LRET-AKAR2CR luminescent indicator for PKA activity

The terbium luminescence emission overlaps well with the excitation band for green
fluorescent proteins, therefore, we sought to convert AKAR2-CR into a LRET sensor by
appending an LBT to the GFP donor. We approached this in two steps. First, we established that
it is viable to append an LBT to GFP to obtain measurable LRET sensitized emission, and we used
this reduced system to choose the optimal LBT. Using the selected LBT, we then tested a proof-
of-concept design for a time-resolved PKA sensor by appending the LBT sequence to both the

Clover (donor) and mRuby (acceptor) fluorescent proteins of the AKAR2-CR sensor.

5.5 Methods
5.5.1 Materials

Unless otherwise stated, chemicals were purchased from Sigma Aldrich and Fischer Scientific;
molecular biology enzymes were purchased from New England Biolabs (NEB). 75 mM ATP
stocks in water were made and kept at -80 °C until use. cCAMP dependent protein kinase A (PKA),

catalytic subunit was purchased from Promega or NEB.

5.5.2 Molecular Biology

Lanthanide binding tag sLBT (YIDTNNDGWYEGDELLA) or dLBT
(GPGYIDTNNDGWIEGDELYIDTNNDGWIEGDELLA)

were added to the N, C or both termini of eGFP in a pRsetB vector using the a Q5® Site-Directed
Mutagenesis Kit (NEB) with primers found in Table 5. Wild-type (WT) AKAR2-CR was moved
to a pRsetB vector from the pcDNA3 mammalian expression vector by PCR, with sLBTa added
to the N-terminus of Clover or mRuby2 using primers found in Table 5. Replacement of Clover

or mRuby?2 with sLBTa was done using Q5® Site-Directed Mutagenesis.
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Table 6 LBT FP Primer Design

Construct Parent Forward Reverse
Vector

GTACGAGGGTGACGAGTTGTTGGC CAGCCGTCGTTGTTAGTGTCAAT

SLBTa-eGFP | pRsetB-cGFP | 2 GGTGAGTAAGGGCGAGGAG | GTAGGTGGGATCCTTATCGTCAT

GTACGAAGGTGATGAACTGCTGG | CAGCCATCGTTGTTAGTATCAAT

SLBTbGFP | pRsetB=GFP | 4 A GAATTCGAAGCTTGATCCG | GTACTTGTACAGCTCGTCCATG

GACGGCTGGATTGAGGGTGACGA | ATTATTAGTGTCAATGTAGCCG

dLBTa-eGFP | pRsetBGFP | - 1314 CATTGACACTAACAACG | GGTCCGGTGGGATCCTTATCGTC

AKAR2- pRsetB- gé%%%%%i’éﬁiﬁgg&gm CAGCCATCGTTGTTAGTGTCAATGTA
SLBTaCR  AKAR2CR CGGATCCTTATCGTCATCGTC

5.5.3 Protein expression and purification

Plasmids were transformed into BL21(DE3) E. coli cells and grown in Autoinduction Media
(Formedium) at 37 °C in baffled flasks with continuous shaking overnight for 12-16 hours
followed by two days of continuous shaking at ambient temperatures. Cells were pelleted at
6,000xg and stored at -80 °C until purification. Pellets were resuspended in homogenization buffer
(25 mM sodium phosphate, 500 mM NaCl, 10 mM Imidizole, 5% glycerol pH 7.5) and put through
two freeze-thaw cycles by snap freezing with dry ice and thawing in a 37°C water bath. After the
last thaw at 37°C, 1.0 mg/mL lysozyme, 0.1% Trixon-X-100, 1 mM PMSF and 5 mM DTT were
added to the suspended cells. The suspension was then rotated at 37°C for 30 minutes, followed
by sonication (80% amplitude, 2 s pulse, 2s rest) for 5 minutes. Cellular debris was separated by
centrifugation at 30,000xg for 30 minutes. The supernatant was passed through a 0.45um filter
and purified by nickel-affinity chromatography on AKTA using a HiTrap IMAC column
(Amersham) according to manufacturer instructions. Protein elution was qualitatively determined
by AKTA and a visible color change in collection tubes. 100 uL of each fraction was checked for

peak fluorescence with pooled fractions consisting of greater or equal to 30% of the maximum
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fluorescent well. Pooled purified protein was dialyzed against storage buffer (5 mM MOPS, 300
mM NaCl, 10% glycerol, pH 7.3) and concentrated to 500 uL using a 10,000 MWCO Amicon
Centrifugal Filter (Millipore). Protein concentrations were determined using the Thermo
Scientific™ Pierce™ BCA™ Protein Assay Kit, with mature fluorescent protein concentrations
quantified by measuring the absorbance of the protein after 10 minute incubation in 1M NaOH at
450 nm (44000 M-tcm™) as previously described?3. Proteins were stored in 50-150 uL aliquots at
-20 °C for immediate use or -80 °C for extended storage. Unless otherwise stated, protein stocks

were kept in storage buffer before diluting for assay.

5.5.4 LBT-eGFP Time-Resolved Luminescence Assays

LBT-eGFP protein stocks were diluted to 1 uM in storage buffer with addition of 0, 1, 10, 100 or
1000 uM Terbium Chloride in water in a 96 well black bottom fluorescence plate. Samples were
excited with fixed excitation of 280/9 nm using a xenon bulb. Emission measurements were taken
between 300/9 nm — 700 nm in 5 nm increments after a 100 us delay (collection time 300 us, gain
100). TR-LRET was determined by the presence of a 510 nm peak, corresponding to eGFP
emission. Comparisons were done between all constructs and controls in the presence of 100 uM
Terbium Chloride. The LBT peptide [YIDTNNDGWYEGDELLA] was ordered and synthesized
by GenScript, DPA and DTPA were both prepared in 1 M stocks with water. All controls were
diluted (10 uM peptide, 1 MM DPA/DTPA) and assayed as described above. To test the off-rates
of luminescence signal as a function of LBT-Tb3* binding, the lanthanide chelate
Diethylenetriaminepentaacetic Acid (DTPA) was prepared in 1 M stocks in water and diluted into

LBT-eGFP samples to a final concentration of 10 mM and incubated for 20 minutes.

5.5.5 AKAR2-CR PKA Assay

PKA Assay was developed following manufacturer instruction. 2500 U (1 uL) of Promega CAMP
dependent protein kinase (PKA) was added to a reaction containing 1 uM AKAR2-CR and 300
MM ATP in house made assay buffer (40 mM Tris pH 7.4, 20 mM Magnesium Acetate) in black
bottom fluorescent 96-well plates. After excitation at 510 nm, emission at 528 nm (clover donor)
and 620 nm (mRuby2 acceptor) was recorded every minute for 10 minutes. FRET was determined

by dividing the total acceptor fluoresence at 620 nm by the donor fluorescence at 528 nm.
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5.6 Results
5.6.1 LBT-eGFP asa TR-LRET model system

A model peptide sequence for lanthanide binding was chosen based on work done by the
Imperali group at MIT. Through synthesis and screening of oxygen rich, tryptophan containing
peptide sequences, they found that appending the sequence [YIDTNNDGWYEGDELLA] onto
non-fluorescent targets such as ubiquitin showed selective and repeatable luminescence while not
interfering with the expression, purification using Ni?* resin, or ubiquitin activity in vitro'?,
Importantly, the tryptophan in the 9th position acts as an ‘antennae’, which overcomes the low
molar absorptivity of trivalent cations. Through site-directed mutagenesis we successfully
engineered a single LBT tag (sLBT) [YIDTNNDGWYEGDELLA] onto the N (sLBTa) or C
(sLBTD) terminus of enhanced green fluorescent protein (eGFP), as well as encoded at both termini
simultaneously (sLBTab) (Table 5, Figure 41). By encoding this peptide tag with proven affinity
for lanthanides, we hypothesized that after exciting the tryptophan at 280 nm, we would see a relay
with non-radiative transfer from tryptophan to terbium to eGFP (Figure 42). The excitation and
emission profiles of eGFP are shifted >200 nm from this excitation wavelength, greatly reducing
direct eGFP excitation. However, even with a large Stokes shift between donor and acceptor, direct
excitation of eGFP is possible due to increased energy of ultra-violet light. Here we hypothesized
that the 100 us delay between excitation of tryptophan and recording of eGFP emission would
greatly reduce any background from eGFP direct excitation, whose lifetime is in the nanosecond
range. We then successfully expressed and purified tagged eGFP variants and tested their
luminescence properties with increasing concentrations of terbium (0-1000 pM), excitation at
280nm, and a 100 us delay before data acquisition. Compared to the untagged eGFP control,
fluorescence peaks characteristic of eGFP were only present after dosing LBT-tagged constructs
with terbium, with the single LBT N-terminal tagged sLBTa-eGFP as the strongest responder
(Figure 43). As a control, both the peptide sequence alone, as well as the known terbium chelator
dipicolinic acid (DPA) were tested in a similar fashion. Both the peptide and DPA showed
expected terbium-chelate emission peaks after excitation by an antennae (490, 545 and 590 nm),
however no signal was seen at 510 nm, the expected emission for eGFP (Figure 42). We then
tested the luminescence off-rate after challenging terbium bound LBT-eGFP samples with the
lanthanide chelator DTPA and recording the decay in gated luminescence every 2 minutes for 20

minutes. For all LBT-eGFP constructs, the signal fell to half-maximal values within the first 2
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minutes, with almost no detection of luminescence observed after 16 minutes (Figure 44). We
successfully showed LRET to a fluorescent protein target (eGFP) was possible by appending the
LBT peptide to either termini, and moved forward with shifting a kinase FRET sensor to a time-

resolved reporter.

eGFP

N C
sLBTa-eGFP c
sLBTb-eGFP

4
sLBTab-eGFP

AW 4

T

dLBTa-eGFP
c

Figure 41 Schematic of LBT-eGFP constructs. We successfully tagged sLBT on the N, C and
combined of eGFP, as well as a double lanthanide tag dLBT on the N-terminus of eGFP
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Figure 42 LBT-eGFP gated luminescence

After addition of 100 UM Tb3" we saw eGFP emission after 280 nm excitation and 100 us delay
on LBT tagged eGFP constructs. Importantly, Tb**-chelate peaks were also visible in LBT-eGFP
constructs, which overlayed with Tb**-chelate controls Tb**-DPA and Tb** bound to LBT peptide
alone
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Figure 43 LBT-eGFP in vitro testing

Time-resolved spectroscopy of LBT-eGFP constructs overlayed for comparison after addition of
100 puM Terbium, excited at 280 nm and emission reading gated for 100 us. Importantly, eGFP
control (green) shows no visible emission, while all LBT tagged constructs display LRET, with
sLBTa-eGFP (single N-terminal tagged) producing strongest TR-LRET signal.
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Figure 44 sLBTa-eGFP off-rates after addition of lanthanide chelator DTPA
Almost immediately after addition of 10 mM DTPA a decrease in time-gated eGFP emission was
noticeable, with a four-fold signal decrease after 4 minutes incubation.
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5.7 LBT-AKARCR as proof-of-concept

Terbium emission overlaps with both GFP and RFP excitation bands but is distinct from the
GFP and RFP emission bands (Figure 45). After robust and repeatable detection of Th3*-LBT
LRET using asLBTa-eGFP model, we moved forward with molecular biology strategies to append
the LBT sequence on the N-terminus of either Clover (donor) or mRuby2 (acceptor) proteins
(Figure 40) of the FRET PKA sensor AKAR2-CR. We also engineered a replacement approach,
by placing the LBT sequence in lieu of either the Clover or mRuby2 proteins (Table 6).
We first wanted to demonstrate we could determine kinase activity in an in vitro assay following
an established Promega protocol?*. After acquiring the catalytic domain of cAMP dependent
protein kinase A (PKA), we prepared a buffer in-house according to manufacturer’s instructions
and made several attempts at replicating an AKAR2-CR FRET response in the presence of PKA
and ATP. We first saw successful FRET in both phosphate and Tris buffering systems, although
only when adding ATP before PKA (Figure 46). Moving forward with LBT tagged AKAR2-CR
variants, we first tested LRET efficiency with increasing amounts of terbium in the presence of
Tris buffer. We were able to see distinct Clover emission peaks in both the wild type and sLBTa
tagged AKAR2CR, with a broad ~600 nm peak possibly indicative of mRuby2 emission (Figure
47-48). Interestingly, we saw distinctly stronger Clover and mRuby2 emission after 100 ps delay
in the LBT tagged AKAR2CR construct, however, this was only apparent in Tris buffering
conditions. When we moved into PKA assay buffer, precipitation was noticed in well within
minutes of terbium addition. Qualitatively, it appeared precipitation was less pronounced in wells
containing the LBT tagged constructs, which could be due to chelation of terbium by the tag,
decreasing excess concentrations which could be responsible for precipitation. Although several
constructs were designed and made to test location of the LBT tag on the AKAR2CR construct
(Table 6), the incompatibility of the LRET assay in simple kinase buffer and the unduly complex
LRET sensitized emission spectra ultimately led to the termination of the project.
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Figure 45 LBT-Tbh3+ as a FRET donor

After excitation in the UV, the chelated terbium emits distinct peaks with narrow bandwidths at
490, 545, 590 and 615 nm. These long-lived emissions span across the visible range, allowing for
spectral overlap with fluorescent proteins as potential luminescence resonance energy transfer
(LRET) pairs.

Table 7 LBT AKAR2CR construct design

Construct Donor Acceptor
AKARZCR Clover mRuby?2
AKARZ2 sLBTaCR sLBTa-Clover mRuby2
AKARZCsLBTaR Clover sLBTa-mRuby2
AKAR2CsLBTa Clover sLBTa
AKARZsLBTaR sLBTa mRuby?2
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Figure 46 In vitro PKA assay with purified wild-type AKAR2-CR FRET sensor
Only after addition of ATP before PKA do we see an increase in mRuby?2 fluorescence as a result
of FRET.
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Figure 47 Wild type AKAR2CR LRET in Tris buffer
With the addition of Terbium, distinct long-lived Terbium luminescence is seen, with no indication
of clover or mRuby2 emission.
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Figure 48 AKAR2-sLBTaCR LRET in Tris buffer

With the addition of the sLBTa tag (single, N-terminal tag) onto the N terminus of Clover, we see
increasing 510 nm gated emission with increasing Terbium concentrations. A broad peak ~600 nm
gain intensity with increasing terbium, which could be indicative of mRuby2 emission.

5.8 Conclusions

Using a GFP model, we appended an LBT peptide to the N and/or C terminus of eGFP, as
well as a double LBT to the N-terminus. We were able to see Terbium dependent time gated
luminescence of GFP in all constructs, with greatest LRET observed with the N-terminal tagged
eGFP construct sLBTa-eGFP. We then decided to move forward utilizing the well-studied PKA
FRET sensor AKAR2-CR for LRET PKA sensing by adding the sLBTa sequence to the N-
terminus of Clover (donor) or mRuby?2 (acceptor), as well as replacing either fluorescent protein
with the sLBTa peptide sequence. After verifying wild-type AKAR2-CR sensitivity to PKA
activity using a well-defined in vitro PKA assay, we were unable to reliably determine
fluorescence or luminescence of constructs after the addition of terbium due to precipitation in
wells. The inability to use the LBT-AKAR2-CR constructs in a simple in vitro assay, as well as
the rapid off-rate kinetics of LBT-Tb?* in the presence of a chelator, ultimately led to the decision

to terminate the project.
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