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Abbreviations

Adenosine triphosphate (ATP), cyclic adenosine monophosphate (CAMP), cystic fibrosis
transmembrane conductance regulator (CFTR), direct coupling analysis (DCA), days in
vitro (DIV), endoplasmic reticulum (ER), Escherichia coli (E. coli), excitatory amino acid
transporter 1 (EAAT1), fluorescence lifetime imaging microscopy (FLIM), fluorescent
protein (FP), Forster resonance energy transfer (FRET), glucosamine (GIcN), green
fluorescent protein from Aequorea victoria (avGFP), guanosine diphosphate (GDP),
guanosine triphosphate (GTP), hydroxycarboxylic acid receptor 1 (HCAR1), local calcium
release (LCR), multiple sequence alignment (MSA), signal-to-noise ratio (SNR), sinoatrial
node pacemaker cells (SANPCs), site-saturation mutagenesis (SSM), solute binding
protein (SBP), SuperClomeleon mouse model (SCIm), two-photon (2P), uridine
diphosphate N-acetylglucosamine (UDP-GIcNACc)

Introduction

The chemical composition of biological anions is diverse, ranging from monoatomic
halides like chloride to polyatomic species like ATP [1]. Anion networks exist in
extracellular, cytosolic, and subcellular pools over a wide concentration range (nM — mM)
intricately coordinating essential processes, including regulation of cation flux for cell
signaling and post-translational modifications for gene expression, metabolism, and
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detoxification, among others (Figure 1a) [2-17]. To investigate the cellular recognition,
membrane transport, and metabolic transformation of anions across these functions,
researchers have historically relied on biochemical assays and physiological techniques
[18-20]. As a complement, the development and use of genetically encoded fluorescent
biosensors for live cell imaging has become a fundamental approach to monitor and

measure the spatiotemporal dynamics of anions.

The advent of green fluorescent protein from the jellyfish Aequorea victoria (avGFP) has
revolutionized the field of live cell imaging due to its tunable genetically encoded
framework, biocompatibility, and targetability without the need for an exogenous
chromophore (Figure 1b) [21,22]. Biosensors based on avGFP and its derivatives, either
as standalone scaffolds or in fusion with naturally occurring anion binding proteins, have
been applied for imaging labile anion pools in bacteria, plant, and mammalian cells
(Figure 1c). While the development of FP biosensors has historically focused on cations,
the field of anion FP biosensor development is booming and continues to expand at a

rapid pace [23].

To inspire innovations in this field, we have structured this Review to be a guide for new
toolmakers and end users, providing considerations that should be made in the selection,
design, development, and application of FP biosensors for anions. Here, we have drawn
focus to biologically relevant anions including chloride (CI"), oxyanions (i.e., nitrate, NO3"
; phosphate, PO4%; sulfate, SO4%), carboxylates (i.e., D-aspartate, D-glutamate, L-
lactate), and nucleotides (i.e., ATP, cAMP, GTP/GDP, UTP/UDP) (Table 1). Of the many
advancements made over the last three years, we will highlight exemplary case studies
that have uncovered unprecedented biological observations through clever strategies for
biosensor (i) design, (ii) engineering, and (iii) imaging applications.

Biosensor Designs and Mechanisms
Intrinsic Biosensors
Single domain FPs with intrinsic anion binding pockets proximal to the chromophore can

be sensitive to halides and oxyanions (Figure 1c). The pioneering discovery of avGFP
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with a key tyrosine mutation at position 203 above the chromophore catalyzed the field of
intrinsic biosensors for chloride more than twenty years ago [24,25]. This scaffold has
since been exploited to generate a palette of biosensors with intensiometric and
ratiometric fluorescence outputs [26]. Recently, new biosensors bearing the homologous
tyrosine residue have been uncovered through genomic mining and rational design.
Included are GFPxm163 from Aequorea macrodactyla and mBeRFP from Entacmaea
quadricolor. The binding of chloride resulted in fluorescence quenching by tuning the
chromophore pKa in the case of GFPxm163, or static quenching in mBeRFP [27,28]. One
noteworthy anion-sensitive scaffold is mNeonGreen with an arginine in place of the
tyrosine above the chromophore. Mutagenesis near the binding pocket or protein
chromophore unlocked a new turn-on sensing mechanism at physiological pH for chloride
with the ChlorON series and enhanced binding kinetics for sulfate with SulfOFF-1,
respectively [29,30]. Beyond the GFP family, the chloride biosensors GR1-CFP, GR2-
CFP, and ChloRED-1-CFP have been engineered from membrane-bound, proton-
pumping microbial rhodopsins, affording red-shifted excitation and emission profiles [31—
33]. A single point mutation at the counterion position to the protonated Schiff-base
chromophore created a chloride binding pocket. In these biosensors, chloride binding
stabilized the protonated, fluorescent form of the chromophore generating a ratiometric,

turn-on response across a wide pH range.

Extrinsic Biosensors

Anion recognition domains such as solute binding proteins (SBP), enzymes, transcription
factors, and transporters, can be inserted into and between FP reporter domain(s) to
generate extrinsic biosensors (Figure 1c). Stemming from the first single FP extrinsic
biosensor camgaroo1, [34] recognition domains are typically inserted into a disordered
region near the FP chromophore known as the 3-bulge [35]. On the other hand, to create
FRET-based biosensors, the recognition domain is often sandwiched between the termini
of a donor and acceptor FP [36]. In either design, the anion binding event induces a
conformational change in the recognition domain. This is then relayed to the
chromophore(s) in the FP reporter(s), resulting in an intensiometric, ratiometric, FRET, or
fluorescence lifetime response. For further reading into the designs and mechanisms of
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extrinsic biosensors, we refer the interested reader to the reviews by Nasu et al. and
Sanchez et al. [35,36]. The modularity of extrinsic biosensors is best exemplified by the
recent boom of lactate biosensors: GEM-IL, eLACCO2.1, R-iLACCOZ2, iLACCO1,
LARS1.8, LiLac, CanlonicSF, FiLLacionoc, FiLa (Table 1) [37-45]. The recognition
domains used in these designs span the Escherichia coli periplasmic SBP TTHAO0766, E.
coli transcription factor LIdR, Heliobacter pylori chemotaxis protein TIpC, and mouse
hydroxycarboxylic acid receptor 1 (HCAR1). In combination with a variety of FP reporter
domains and engineering strategies, these lactate biosensors have probed lactate
metabolism across a range of biological applications.

Protein Engineering Strategies to Improve Biosensor Properties

Sequence and Structure-Guided Approaches

While traditional protein engineering techniques have stood the test of time, these can be
enhanced by integrating computational modeling and structural studies [46,47]. In turn,
enabling effective and focused sequence space exploration.

Examples of sequence-guided biosensor engineering include the lactate biosensor C-
GEM-IL 3.0 and the chloride biosensor GR2-CFP [32,37]. Bekdash et al. engineered the
GEM-IL series for lactate consists of fusions between the bacterial lactate recognition
LIdR domain and SuperFolder green (G-GEM-IL), yellow (Y-GEM-IL), and cyan (C-GEM-
IL) FPs [37]. Multiple sequence alignment (MSA) between the GEM-IL series followed by
the LIdR domains from different organisms were used to identify consensus. In lieu of a
crystal structure, homology modeling software including SWISS MODEL and I-TASSER
provided further support [48,49]. Based on this analysis, mutagenesis of a single residue
in both the FP and LIdR domains enhanced the dynamic range and binding affinity for
lactate.

MSAs can be further leveraged with the Direct Coupling Analysis (DCA) statistical model
to extract how amino acids coevolve across a given protein family [50]. This approach
was used to analyze the rhodopsin family and engineer GR1-CFP to GR2-CFP using
iterative site-saturation mutagenesis (SSM) along five key residues in the proton-pumping
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pathway (Figure 2a). The DCA model not only verified the functional connectivity between
these residues, but also defined the mutational space and order. Thereby reducing the
sampling needed to identify variants with improved dynamic range.

Further, structural information can inform engineering efforts. This point can be illustrated
with the generation of the ChlorONs from mNeonGreen by Tutol et al [30,51]. Based on
the crystal structures of mNeonGreen at pH 4.5 and pH 8, two non-coordinating residues
near the chromophore were selected for combinatorial SSM (Figure 2b) [30,52,53]. A
strategy termed anion walking, akin to substrate walking in biocatalysis, was developed
to screen for sensitivity to bromide in E. coli lysate at pH 8 [54]. Bromide is spherical in
shape like chloride but has a lower dehydration penalty, resulting in higher affinity
complexes with FPs [51,55]. With this logic, bromide was used as a surrogate to screen
~2,000 variants and discover three standalone, turn-on fluorescent biosensors that can
directly monitor endogenous chloride pools in a cell model overexpressing the cystic
fibrosis transmembrane conductance regulator (CFTR) [30].

Promiscuous anion binding can also be observed and exploited in natural anion
recognition domains. This has recently been demonstrated with the aspartate biosensor
jAspSnFR3 engineered from a variant of the glutamate biosensor iGIuSnFR [56]. The
latter relies on the glutamate/aspartate Gltl recognition domain, which binds glutamate
with a higher affinity than aspartate. The crystal structure of Gltl bound to glutamate was
used to identify residues that could shift the selectivity towards aspartate. Specifically,
two coordinating serine residues were subjected to iterative SSM, followed by expression
in E. coli, and screening in lysate. The resulting jAspSnFR3 biosensor has a notable
preference for aspartate over other biologically relevant metabolites, including glutamate
and asparagine, enabling powerful quantitation of intracellular aspartate dynamics.

Application-driven Approaches
A mantra in protein engineering is, “You get what you screen for.” [57] This can be
encountered when biosensor performance is compromised, particularly in unexplored

applications [58]. While unsurprising, such observations should be heeded as a warning
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to end users and motivation to toolmakers. To address this, protein engineering workflows
have been modified such that biosensor screening and selection can be carried out with
the cell model intended for study or even the instrumentation of choice. Demonstrations
of these modifications include the glutamate biosensor iGluSnFR3 and lactate biosensor
LiLac [42,59].

Most iGluSnFR variants suffer from low signal-to-noise ratios (SNR) and saturating
activation kinetics to image glutamate dynamics in vivo [60]. To overcome this, a multi-
system directed evolution workflow was developed by Aggarwal et al. [59] The parent SF-
Venus-iGluSnFR-A184V was first subjected to twenty rounds of sequence diversification
through SSM, random mutagenesis, and recombination libraries. Variants were first
screened in E. coli for fluorescence (~10° variants per round), then in lysate for increased
dynamic range (~400 variants per round), and finally in purified form for (i) glutamate
affinity, (ii) 2P fluorescence, and (iii) kinetics (<20 variants per round). While screening in
E. coli allows for rapid sampling of large libraries, it can also be limiting when biosensor
properties do not directly translate to a complex cellular environment. To overcome this,
multiple variants were expressed on the outer plasma membrane in cultured rat neurons
and screened for brightness, photostability, membrane trafficking, and glutamate
response to electrode-stimulated action potentials (Figure 2c). These efforts resulted in
the iGIuSNFR3.v82 and iGluSnFR3.v857 variants with 13 and 18 accumulated mutations,
respectively. The latter enabled imaging of synaptic glutamate activity with improved SNR

and kinetics in the mouse visual cortex.

Furthermore, biosensors can also be engineered for applications utilizing specific
instrumentation. To this end, Koveal et al. coupled two-photon fluorescence lifetime
imaging (2pFLIM) with microfluidics to develop a high-throughput screening system
named Beadscan [42]. In this setup, single copies of library DNA are encapsulated into
semipermeable gel-shell beads, in which proteins can be expressed using in vitro
transcription/translation. The gel-shell beads are immobilized onto a glass coverslip and
placed into a perfusion chamber for screening with an automated 2pFLIM microscope.
The semipermeability of the beads allows for rapid exchange of buffer conditions to
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screen fluorescence lifetime responses across multiple parameters and even generate
dose-response curves. This allowed for the screening of a large library (>49,000 variants)
and sampling of different linker lengths and compositions connecting the mTurquoise2
and lactate recognition TIpC domain resulting in the pH-insensitive lactate biosensor
LiLac. Surprisingly, the in vitro photophysical properties as measured by BeadScan were
matched to the in-cell calibration of LiLac.

Imaging Applications

Subcellular Targeting

To uncover and probe anion biology in subcellular spaces, biosensors can be fused to
organelle-specific signal peptides/proteins or even proteins of interest [52]. To this end,
we can look to lactate biosensors. Imaging experiments of endoplasmic reticulum (ER)
targeted CanlonicSF in COS7 and HEK293 cells revealed a new contribution for the
monocarboxylate transporter in ER lactate dynamics [43]. Furthermore, the excitation
ratiometric feature of FiLa was used to quantitate lactate in the extracellular space,
cytosol, nucleus, and mitochondria of HEK293, H1299, and HelLa cells, revealing
enrichment in the latter organelle [45]. Profiling of these lactate pools with
pharmacological agents provided strong evidence that lactate could be shuttled between
organelles, thus acting as a signaling anion (Figure 1b).

While targeting is a useful strategy, the microenvironment of an organelle is an additional
factor that must be considered for optimal in-cell performance. One noteworthy feature of
the aforementioned FilLa is that it did not require calcium for lactate sensing [45]. This
allowed for the quantitation of lactate in the cytosol and nucleus where calcium levels are
low. Another example is the SuperFolder-LSSm-ClopHensor for simultaneous
quantitation of pH and chloride in the ER [61]. The chloride-sensitive E2GFP domain in
the parent LSSm-ClopHensor was fluorescent in the cytosol, but it was non-fluorescent
in the ER, due to the formation of disulfide-bridged oligomers [62]. However, this was
overcome by replacing E°GFP with the chloride-sensitive SuperFolder GFP T203Y
mutant that tolerated the oxidizing environment of the ER.
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At times, recognition domains in extrinsic biosensors can also induce off-target effects
when overexpressed in an organelle. As one example on the cellular level, we can look
to the monitoring of GTP:GDP ratios using GRISerHR in the nucleus, mitochondrial
matrix, and cytosol of HEK293T cells [63]. Since the GTPase elF5B from Chaetomium
thermophilum was selected for GTP recognition, the enzymatic activity was eliminated to
avoid depletion of the endogenous GTP reservoirs. Such interferences must also be
accounted for at the organismal level as illustrated in the model plant Arabidopsis
thaliana. For instance, the design of the sCiNiS nitrate biosensor used the nitrate-
responsive transcription factor NLP7 [64]. However, this is endogenously expressed and
retained in the nucleus in the presence of nitrate. To maintain this naturally occurring
process, the predicted nuclear localization sequence of the NLP7 domain was mutated in
sCiNiS, preventing nuclear import of the biosensor, and enabling cytosolic nitrate
imaging. Additionally, when the FLIPE glutamate biosensor was expressed and displayed
on the extracellular face of the plasma membrane, the transgenic plants exhibited stunted
growth due to reduced glutamate signaling from competitive binding [65]. In contrast, the
transgenic plants experienced wild-type growth when the biosensor was only expressed
in the cytosol (Figure 3a).

Multiplex Imaging

Expanding the color palette of anion-sensitive FP biosensors is key to enable multiplex
imaging. Along these lines, to generate a red-shifted biosensor for multicolor imaging of
uridine diphosphate N-acetylglucosamine (UDP-GIcNAc) between the cytosol, ER, and
Golgi apparatus, Zhang et al. first engineered the reporter domain cpmApple to improve
its brightness resulting in ecpApple [66]. To recognize UDP-GIcNAc, two lectin peptides
were inserted into the B-bulge of ecpApple, and further supported by a nearby non-
canonical amino acid p-boronophenylalanine in the FP, resulting in bapaUGAc. As a proof
of concept, bapaUGAc was targeted to the ER and paired with the green UDP-GIcNACc
biosensor UGACS in the cytosol of HEK293T cells [66,67]. Dual-color imaging with both
biosensors showed the conversion of exogenously supplemented glucosamine (GIcN) to
UDP-GIcNAc in the cytosol and eventual transport to the ER (Figure 3b).
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The cellular dynamics of multiple analytes can also be captured with multiplex imaging.
For example, glutamate is a key excitatory neurotransmitter that is coupled to calcium
transients in sinoatrial node pacemaker cells (SANPCs) [68]. To visualize this, SANPCs
expressing the well-established iGluSnFr on the cytosolic face of the plasma membrane
were stained with the red calcium dye Cal-590 (Figure 3c) [68]. Glutamate accumulation
in the cytosol correlated to local calcium release (LCR). This was stimulated by the import
of glutamate into mitochondria through the excitatory amino acid transporter 1 (EAAT1)
and production of reactive oxygen species, which oxidized calcium handling proteins.
Imaging EAAT1 knockout cells inhibited the LCR.

Moreover, biosensors can reveal the interplay between different cell types as exemplified
by GRABATpP1.0 expressed in the visual cortex of zebrafish larvae (Figure 3d) [69]. Using
laser ablation, a local inflammatory response was triggered in the brain. As a result, ATP
release occurred near this site and propagated in a distinct spatial and temporal radial
fashion. At the same time, microglia expressing DsRed were activated by the
inflammatory response and migrated to the site of injury along the path of ATP
propagation.

2P Imaging

Imaging of opaque samples requires biosensors with near-infrared excitation and
emission profiles [70]. However, given limited development in this area, biosensors with
visible excitation and emission profiles are being repurposed and adapted for applications
with 2P microscopy [71]. This technique relies on infrared wavelengths, which afford

deeper tissue penetration with reduced light scattering and phototoxicity [72].

Motivated by the goal of in vivo cAMP imaging, Massengill et al. engineered the
mTurquoise2-td-cp173Venus FRET-based cAMPFIRE biosensor palette [73]. The
performance was validated using a 2pFLIM setup in CA1 neurons from hippocampal
slices stimulated with physiologically relevant concentrations of neuromodulators. This
revealed that cAMPFIRE-L had an improved affinity and dynamic range to endogenously
produced cAMP. Given this, it was applied for in vivo imaging of layer 2/3 neurons in the

https://doi.org/10.26434/chemrxiv-2024-zvtvr-v2 ORCID: https://orcid.org/0000-0003-0271-6080 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-zvtvr-v2
https://orcid.org/0000-0003-0271-6080
https://creativecommons.org/licenses/by-nc-nd/4.0/

cortex. The fluorescence lifetime was measured in mice that were awake, under light
anesthesia, or during locomotion (Figure 3e). In the awake state, the soma of the neurons
had a lower lifetime than that observed in the dendrites within the same cell, indicating
that endogenous cAMP levels were regulated with spatial selectivity. In anesthetized
mice, the fluorescence lifetime decreased, stemming from lower norepinephrine and
consequently cAMP levels. During locomotion, cAMP levels were dynamic showing

variation between cells for the first time.

The true test of a biosensor lies in the hands of a new end user who seeks to apply an
established biosensor in previously unexplored contexts [68, 74-76]. This was
demonstrated by Herstel et al. with SuperClomeleon, a Cerulean-Topaz FRET biosensor
from 2013 [77,78]. A new mouse model, SCIm, was generated to quantitate chloride in
neuronal development with 2P microscopy. In isolated hippocampal slices, chloride levels
decreased in CA1 neurons as a function of culturing days in vitro (DIV). However, layer
2/3 neurons from the cortex at a similar age to DIV2-3 CA1 neurons, had elevated
chloride levels. Thus, suggesting that the cortex matures at a later stage. It is important
to note that these profound conclusions between brain regions were not made without
appropriate controls and rigor. As a cautionary tale to end users, the authors disclosed
the challenges with translating the FRET ratios to absolute chloride concentrations. This
arose from differences in calibrating and analyzing tissues versus dissociated cell
cultures. Therefore, perforated patch clamp was used as a supplement for calibrating the
FRET ratios.

Summary and Outlook

Investigating anion networks across time and space dimensions at subcellular, cellular,
and organismal scales is a complex feat. Here, we have highlighted how genetically
encoded fluorescent biosensors can be leveraged to accelerate discovery within anion
biology. While the firsts of such technologies were reported more than 20 years ago for
chloride and cAMP, the recent boom points to a new dawn with challenges that remain to
be addressed and boundless opportunities to do so.
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From our perspective, monitoring and measuring anions necessitates a biosensor with
appropriate affinity and selectivity, amongst other features, that can intercept but not
interfere with a bioavailable pool. On both fronts, variability within and across biological
populations or types is an inherent factor that must be accounted for when drawing
conclusions. This can be resolved with a negative control or ratiometric biosensor, and
even in combination with a stably expressing biological model. On a practical level, this
is easier said than done, particularly when measuring. Standardized in-cell or in vivo
calibration methods that account for confounding effects (e.g., membrane permeability,
pH) are needed. If available, off-the-shelf ionophores or surfactants are commonly used,
but designer technologies to directly manipulate anions are on the horizon [79-82].

In this Review, biologically relevant anions have been defined as discrete molecular
species. However, this definition can be expanded to include nucleic acids, the anionic
polymers of life, and even xenobiotic anions like per- and polyfluoroalkyl substances, for
which biosensors already exist [83,84]. Given the modularity of the extrinsic biosensor
design, it will come as no surprise when a biosensor for virtually every anion becomes
available. Moreover, it is foreseeable that current trends in chemigenetic and
bioluminescent biosensor designs and machine learning-guided engineering will also be
adopted [85-87]. While not explicitly discussed, rigorous in vitro photophysical
characterization and in silico methods can provide deep mechanistic insights [29,88].
These essential steps should not be ignored in biosensor development. Advances across
all these fronts, in combination with the future development of imaging hardware and
analysis software, will unlock unprecedented biological discoveries [89]. Looking beyond
microscopy, new avenues will be within reach for high-throughput screening, diagnostics,
and even field testing [45,90,91].

In closing, as toolmakers and end users, we believe that biosensor design and
engineering can provide answers to biological questions, and vice versa. However, a
single biosensor will not be the ‘champion’. In unexplored contexts, biosensor properties
can be enabling or limiting, and toolmakers cannot foreshadow all possible outcomes. To
the best of their ability, they should strive to be rigorous and transparent in reporting
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experimental work with appropriate controls, while also open in sharing and collaborating
with new end users. With these considerations, both groups can light the way forward
together, illuminating anions across all forms of life and beyond.
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Figure Captions

Figure 1. The uptake, storage, and metabolism of anions is essential to all living systems.
(a) Halides and oxyanions (green) are nutrients, signaling molecules, and regulators of
homeostatic functions such as electrolyte balance and post-translational modifications.
The carboxylates (blue) are metabolic and biosynthetic precursors serving as energy
reservoirs, signaling anions, and potential biomarkers of disease states. The nucleotides
(red) exist in an intricate balance, and are key energy storage molecules, secondary
messengers for signal transduction, biosynthesis, and indicators of the metabolic state of
the cell. Genetically encoded fluorescent biosensors can intercept and illuminate anions
across these processes at the subcellular, cellular, and organismal scales.
Representative biosensors discussed in this review are listed. (b) Overall B-barrel
structure of avGFP from the jellyfish Aequorea victoria (PDB ID: 1GFL, [92]) with the
chromophore equilibrium. (c) Common biosensor designs and sensing mechanisms for

intrinsic and extrinsic biosensors.

Table 1. Summary of select FP biosensors for anions that were developed and/or applied
from March 2021-March 2024.
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Figure 2. Representative strategies used to engineer FP biosensors for anions. (a)
Iterative rounds of directed evolution guided by coevolutionary modeling generates GR2-
CFP. (b) Structure-guided selection and engineering of the non-coordinating residues
K143 and R195 in mNeonGreen (PDB IDs: 5LTP, 5LTR, [53]) unlocked chloride
sensitivity at physiological pH. Abbreviations: CRO, chromophore. (c) Improved
iGluSnFR variants for in vivo brain imaging were generated through screening and
selection in E. coli lysate, followed by primary rat neurons. (d) The BeadScan system to
discover LiLac for 2pFLIM allowed for multi-parameter screening of individual library

variants encapsulated in gel-shell beads.

Figure 3. Representative applications of FP biosensors for subcellular, multiplex, and 2P
imaging of anions. (a) Localization of the FLIPE glutamate (Glu) sensor to the cytosol or
plasma membrane of A. thaliana impacted plant growth. (b) Cytosolic localization of
UGACcS and endoplasmic reticulum localization of bapaUGAC enabled UDP-GIcNAc
imaging in HEK293T cells. (c) Multiplex imaging of glutamate with iGIluSnFR and calcium
(Ca?*) with Cal-590 in sinoatrial node pacemaker cardiac cells. (d) Laser-induced injury
(inset) to neurons in the visual cortex of zebrafish larvae triggered ATP release as
visualized by GRABatpP1.0, and recruitment of DsRed-labeled astrocytes. (e) cCAMPFIRE-
L expressed in neurons in the somatosensory cortex of mice that were awake,
anesthetized, or during locomotion revealed distinct cAMP dynamics. (f) Expression of
SCIm in neurons from mice indicated intracellular chloride (CI") changes in neuronal

development. Abbreviations: GIcN, glucosamine, ROS, reactive oxygen species.
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Table 1

Anion Sensor Name Output Aex (nm) free (bound) Aem (nm) free (bound) Ka (mM) ¢ free (bound) mM* cm™! @ free (bound) Reference(s)
GR1-CFP Ratiometric 390, 530 705 42 — 0.003 (0.0039) 31
GR2-CFP Ratiometric 390, 570 485, 705 53 — — 32
ChloRED-1-CFP Ratiometric 440, 615 475,710 23.1 — — 33
mBerFP S94V-R205Y  Ratiometric 380, 440 495, 610 106 11840 0.85 27
LSSmClopHensor Ratiometric 800, 830, 860, 910, 960 527, 607 — — — 93
LSSmsfClopHensor Ratiometric 458 — 7.9 — — 61
Chioride ER-LSSmClopHensor  Ratiometric 458 — — — — 61
ClopHensorN Ratiometric 458, 488, 561 — 8.73 — — 94
Cl-Sensor Ratiometric 436, 500 — — — — 95
GFPxm163 Intensiometric 480 524 230.1 67,845 (9,453) 0.89 (0.08) 28
SuperClomelon FRET 840 485, 535 — — — 78
ChlorON-1 Intensiometric 480 515 285 27,400 (24,200) < 0.01 (0.027) 30
ChlorON-2 Intensiometric 480 515 55 21,900 (20,900) < 0.01 (0.092) 30
ChlorON-3 Intensiometric 480 515 30 15,600 (18,700) <0.01(0.152) 30
NiTrac-NPF1.3 FRET 440, 514 488, 530 — — — 96
Nitrate sCiNiS Intensiometric — — 0.052 — — 64
NiMet3.0 FRET 428 488, 530 0.09 — — 97
Phosphate cpFLIPPi-5.3m FRET — — — — — 98,99
Sulfate SulfOFF-1 Intensiometric 485 520 0.2 94,511 (26,466) 0.69 (0.59) 29
Intensiometric 940 — — — — 100
iGluSnFR Intensiometric 488 — — — — 68
FRAP — — — — — 101
SnFR-y2 Intensiometric 488 — — — — 102
SnFR-y8 Intensiometric 488 — — — — 102
Glutamate iGluSnFR3v82 Intensiometric 505 525 — — — 59
iGluSnFR3v857 Intensiometric 505 525 — — — 59
FLIPE-600n Intensiometric 470 525 0.0006 — — 65
FLII81 PE-1p FRET 470 495, 525 0.001 — — 65
FLIPE-10p Intensiometric 470 525 0.01 — — 65
FLIPE-1m Intensiometric 470 525 1 — — 65
Lactate GEM-IL Intensiometric 425 490 0.661 — — 37
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eLACCO1.1 Intensiometric 493 (496) 510 3.9 78 (89) 0.60(0.78) 35
eLACCO2.1 Intensiometric 492 509 0.96 76 0.17 38
R-iLACCO1 Intensiometric 574 604 0.074 84 0.17 39
iLACCO1 Intensiometric 492 (493) 511 (510) 0.361 — 0.72 (0.84) 40
iLACCO1.1 Intensiometric 493 (493) 510 (510) 4.55 — 0.57 (0.57) 40
iLACCO1.2 Intensiometric 493 (493) 510 (509) 0.0169 — 0.61 (0.86) 40
Lactate
LARS1.8 Intensiometric 488 515 1.5 — — 41
LARS1.10 Intensiometric 488 515 5.6 — — 41
LiLac Intensiometric 438 (440) 489 (494) 2.7 31.0 (28.6) 0.87 (0.56) 42
CanlonicSF Intensiometric 485 530 0.293 — — 43
FILLac1onoc FRET 430 492, 526 0.00633 — — 44
. o . . 425 nm 22900(15300) 425 nm 0.31(0.08)
FiLa Excitation ratiometric 425, 490 514 0.13 490 nm 4900(23600) 490 nm 0.22(0.11) 45
Intensiometric 500 520 0.0067 — — 69
ATP GRABATP1.0
Intensiometric 488 520 — — — 103
FluoSTEP-ICUE FRET 480 563 — — — 104, 105
G-Flamp1 Intensiometric 500 (490) 513 (510) 0.00217 4374 (25,280) 0.323 (0.322) 106
G-Flamp2 Intensiometric 496 (488) 519 (516) — 5189 (45,459) 0.38 (0.33) 107
G-Flamp2b Intensiometric 496 (488) 519 (516) 0.0019 12528 (33,760) 0.39 (0.37) 107
cAMP CAMPFIRE-L FRET 430 — 0.0027 — — 73
CAMPFIRE-M FRET 430 — 0.00145 — — 73
CAMPFIRE-H FRET 430 — 0.00038 — — 73
gCarvi Intensiometric 485 535 1.5 14,000,000 (20,600,000) 0.53 (0.79) 108
cAMPInG1 Excitation ratiometric 405, 488 535 — — — 109
c-di-AMP CDA5 FRET 425 480, 535 — — — 110
GRISer Excitation ratiometric 405, 488 — 0.07 — — 63
GTP/GDP
GRISerHR Excitation ratiometric 405, 488 — 7 — — 63
cGMP Red cGull Intensiometric 567 591 0.00033% 988,000 (5,638,000) 0.149 (0.225) 111
CensYBL Intensiometric 510, 590 540, 620 — — — 112
c-di-GMP
YFP-YcgR-CFP FRET 430 460, 520 — — — 113
UDP/UTP UXPS Excitation ratiometric 400, 488 — 0.006 — — 67
UGACcS Excitation ratiometric 400, 488 — 0.072 — — 67
UDP-GIcNAc
bapaUGAc Intensiometric 575 600 2.14 — — 66

#ECso is reported instead of Ka.
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