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Rational Engineering of an Improved Genetically Encoded pH Sensor Based on Superecliptic pHluorin
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Genetically encoded pH sensors based on fluorescent proteins are valuable tools for the imaging of cellular events that are associated with pH changes, such as exocytosis and endocytosis. Superecliptic pHluorin (SEP) is a pH-sensitive green fluorescent protein (GFP) variant widely used for such applications. Here, we report the rational design, development, structure, and applications of Lime, an improved SEP variant with higher fluorescence brightness and greater pH sensitivity. The X-ray crystal structure of Lime supports the mechanistic rationale that guided the introduction of beneficial mutations. Lime provides substantial improvements relative to SEP for imaging of endocytosis and exocytosis. Furthermore, Lime and its variants are advantageous for a broader range of applications including the detection of synaptic release and neuronal voltage changes.

G enetically encoded sensors based on fluorescent proteins (FPs) are essential tools for studying molecular and cellular physiology. 1,2 Over the past two decades, an expanded toolkit of FP-based sensors has been engineered to monitor numerous biochemical parameters including the Ca 2+ concentration, membrane potential, neurotransmitter dynamics, and pH. 3,4 pH changes are tightly associated with cellular processes such as endocytosis and exocytosis. Using the example of synaptic transmission, the lumen of synaptic vesicles is typically acidified to pH ∼5.5 by the proton pump activity of vacuolartype ATPase. Upon fusion of a synaptic vesicle to the plasma membrane, the contents of the vesicle are exposed to the neutral pH (∼7.0 to 7.5) of the extracellular environment. 5 This substantial change in pH allows the process of exocytosis to be visualized using a genetically encoded pH sensor fused with a vesicular membrane-associated protein. 6,7 Monitoring of endocytosis and exocytosis has provided valuable insights that have helped to elucidate the fundamental biology of neurotransmission and have aided investigations of the underlying mechanism of various neurological diseases. [8][9][10][11] Genetically encoded pH sensors are FPs that demonstrate pH-dependent fluorescence spectrum or intensity change within the physiologically relevant pH range. 6,[12][13][14][15][16][17] Most naturally occurring FPs exhibit pH-dependent fluorescence changes, but some are much more sensitive in the physiological range than others. For example, the wild-type Aequorea victoria green fluorescent protein (GFP) chromophore exists in a pHdependent equilibrium between protonated and deprotonated states, which absorb maximally near 400 and 488 nm, respectively. of the voltage-sensing domain from Ciona intestinalis voltagesensitive phosphatase to SEP-A227D. [START_REF] Jin | Single Action Potentials and Subthreshold Electrical Events Imaged in Neurons with a Fluorescent Protein Voltage Probe[END_REF] Although widely used, SEP has a few shortcomings such as relatively low brightness and suboptimal trafficking, which limits its utilities in some applications. 10,[START_REF] Ashby | Removal of AMPA Receptors (AMPARs) from Synapses Is Preceded by Transient Endocytosis of Extrasynaptic AMPARs[END_REF][START_REF] Rathje | AMPA Receptor PHluorin-GluA2 Reports NMDA Receptor-Induced Intracellular Acidification in Hippocampal Neurons[END_REF][START_REF] Ventimiglia | Diverse Modes of Synaptic Signaling, Regulation, and Plasticity Distinguish Two Classes of C. Elegans Glutamatergic Neurons[END_REF] Here, we report the design and characterization of Lime, a rationally engineered SEP variant with higher fluorescence brightness and improved performance. Lime takes advantage of the high brightness and expression of sfGFP [START_REF] Cabantous | In Vivo and in Vitro Protein Solubility Assays Using Split GFP[END_REF] and is cysteine-free for potentially better compatibility with membrane protein 79 fusion. [START_REF] Costantini | A Palette of Fluorescent Proteins Optimized for Diverse Cellular Environments[END_REF] We determined the X-ray crystal structure of Lime crystal structure of Lime at pH 10.0 revealed that the S147D mutation had induced a significant rearrangement. The side chain of S147D has become inward-facing and is directly interacting with the chromophore, which is certain to be influencing the pK a of the chromophore (Figure 2C). The direct interaction of the side chain of an aspartic acid with the GFP chromophore has been reported previously in GFP S65T/H148D. In this variant, H148D was found to interact with the chromophore via hydrogen bonding and resulted in an elevated pK a value of 7.9 (Figure 2D). [START_REF] Shu | Ultrafast Excited-State Dynamics in the Green Fluorescent Protein Variant S65T/H148D. 1[END_REF] The conformational rearrangement of the residue at position 147 has also been observed in deGFP1 (S65T/H148G/T203C). In this variant, the side chain of S147 is outward-facing at pH 5.6 but has flipped to inward-facing at pH 9.0 (Figure 2E,F). [START_REF] Hanson | Green Fluorescent Protein Variants as Ratiometric Dual Emission PH Sensors. 1. Structural Characterization and Preliminary Application[END_REF] To examine possible structure differences at different pH values, we solved structures of Lime at a lower pH of 6.0.

Superimposition of the two structures at pH 10 and 6 revealed no major structural rearrangements, with the side chain of S147D pointing inside the FP barrel at both the high and low pH values (Figure S2A). However, the superimposition revealed two relatively subtle structural differences (Figure S2B). First, the chromophore in the higher pH structure To further confirm the key role of S147D mutation in pK a modulation, we introduced this single mutation into GFP variants, EGFP (pK a of 5.5) [START_REF] Heim | Improved Green Fluorescence[END_REF] and mClover3 (pK a of 6.5). [START_REF] Bajar | Improving Brightness and Photostability of Green and Red Fluorescent Proteins for Live Cell Imaging and FRET Reporting[END_REF] The pH titrations of EGFP-S147D, and mClover3-S147D both revealed a significant increase in apparent pK a values to 7.0 and 7.3, respectively. Thus, the S147D mutation effectively makes EGFP and mClover3 into pH-sensitive GFPs similar to SEP t2 and Lime (Table 2), confirming its ability to modulate the pH sensitivity of GFP variants. It remains to be determined if a similar mutation at the aligned position of FPs from organisms other than Aequorea (e.g., W138 of mNeonGreen) [START_REF] Ong | Rational Design of the Β-bulge Gate in a Green Fluorescent Protein Accelerates the Kinetics of Sulfate Sensing[END_REF] could have a similar influence on pK a .

Comparison of Lime and SEP for Imaging Endocytosis and Exocytosis. We next tested the performance of

Lime in live-cell imaging and compared it with SEP. The transferrin receptor (TfR) fused to a pH-sensitive GFP (e.g., TfR-SEP) has been widely used for the detection of single endocytosis and exocytosis events in cultured cells. 15,18,[START_REF] Taylor | A High Precision Survey of the Molecular Dynamics of Mammalian Clathrin-Mediated Endocytosis[END_REF][START_REF] Sposini | Imaging Endocytic Vesicle Formation at High Spatial and Temporal Resolutions with the Pulsed-PH Protocol[END_REF][START_REF] Merrifield | Coupling between Clathrin-Coated-Pit Invagination, Cortactin Recruitment, and Membrane Scission Observed in Live Cells[END_REF] We first imaged and quantified endocytic events in the BSC-1 cell line using the pulsed-pH protocol with time-lapse total internal reflection fluorescence (TIRF) imaging at 0.5 Hz. We 

C

196 used a previously developed algorithm for the determination of 197 the scission events. [START_REF] Taylor | A High Precision Survey of the Molecular Dynamics of Mammalian Clathrin-Mediated Endocytosis[END_REF][START_REF] Sposini | Imaging Endocytic Vesicle Formation at High Spatial and Temporal Resolutions with the Pulsed-PH Protocol[END_REF] Cells expressing TfR-Lime had brighter 198 fluorescence than the ones expressing TfR-SEP under identical 199 imaging conditions. A Western blot analysis revealed that the 200 amounts of TfR-SEP and TfR-Lime in cells were not 201 significantly different (Figure S3). A two-fold increase in 202 exposure time was required to obtain images of TfR-SEP with f3 203 intensities that were comparable to TfR-Lime (Figure 3A,B).

204

Quantitative analysis of the average fluorescence intensity at 205 the time of scission revealed that TfR-Lime offers approx-206 imately a two-fold improvement in terms of the fluorescence 207 brightness over TfR-SEP, at both pH = 5.5 and pH = 7.4 208 (Figure 3C,D). For reasons that remain unclear, the 209 fluorescence intensities for TfR-Lime endocytic events are 210 more variable than for TfR-SEP endocytic events. Both TfR-211 SEP and TfR-Lime reported similar frequencies of events 212 detected (Figure 3E), confirming that most endocytic events 213 can be detected with both reporter proteins. [START_REF] Merrifield | Coupling between Clathrin-Coated-Pit Invagination, Cortactin Recruitment, and Membrane Scission Observed in Live Cells[END_REF] The average 214 fluorescence time course of endocytosis of TfR-SEP and TfR-215 Lime reflected similar kinetics, yet again with a substantially 216 higher fluorescence intensity for TfR-Lime (Figure 3F,G). We 217 next imaged exocytic events using continuous TIRF micros-218 copy imaging at 10 Hz (Figure 3H). An exocytotic event 219 manifests as sudden bursts of fluorescence due to the change in pH experienced by the TfR construct followed by dissipation of fluorescence as the TfR construct diffuses away from the exocytosis site, as previously described. 18,[START_REF] Xu | Dual-Mode of Insulin Action Controls GLUT4 Vesicle Exocytosis[END_REF] In agreement with our results for endocytosis, cells expressing TfR-Lime exhibited a significantly higher fluorescence amplitude than TfR-SEP (Figure 3I), yet still reported comparable event frequencies, and had similar fluorescence decay kinetics at sites of exocytosis events, which reflects the rate of protein diffusion away from the fusion site (Figure 3J,K). Overall, our results indicated that Lime has clear advantages over SEP as a useful reporter for TfR exocytosis and endocytic vesicle detection.

Imaging Neuronal Activities with Lime and Its

Variants. To evaluate the performance of Lime for imaging neuronal activity, we first attempted to image synaptic vesicle release using synaptophysin-Lime. Lime was incorporated into the intravesicular loop region of vesicle protein synaptophysin. [START_REF] Zhu | Two Pathways of Synaptic Vesicle Retrieval Revealed by Single-Vesicle Imaging[END_REF] Synaptophysin-Lime expressed in dissociated neurons exhibited well-localized fluorescence at the synapse with low f4 background fluorescence (Figure 4A). Under electric stimulation to evoke action potentials (APs), synaptophysin-Lime responded with a fluorescence change ΔF/F 0 of 19.0 ± 2.9% increase upon 10 stimuli by a field electrode at 10 Hz (Figure 4B,C). Synaptophysin-SEP exhibited a change of 22.6 ± 2.4% under the same conditions. Synaptophysin-Lime also exhibited TIRF imaging was performed on an inverted microscope (IX71; 369 Olympus) equipped with an Apochromat N oil 60× objective (NA 370 1.49), a 1.6× magnifying lens, and an EMCCD camera (Quan-371 tEM:512SC; Roper Scientific). Fluorescence emission was collected 372 via a 525/50 filter (Chroma). Samples were illuminated by a 473 nm 373 laser (Cobolt) for SEP and Lime imaging with identical laser intensity 374 and camera settings. The ppH protocol for imaging endocytosis was 375 performed as described previously [START_REF] Sposini | Imaging Endocytic Vesicle Formation at High Spatial and Temporal Resolutions with the Pulsed-PH Protocol[END_REF] with a frame rate of 0.5 Hz (100 376 ms exposure time). Cycles of one image at pH 7.4, followed 2 s later 377 by one image at pH 5.5, were repeated for at least 5 min. Imaging of 378 exocytosis events was performed with continuous imaging at 10 Hz 379 for 1 min.

380

To perform a Western blot, BSC-1 cells in 6-well plates were 381 transfected with 0.5 μg plasmid/well encoding either TfR-SEP or 382 TfR-Lime. Cells were lysed 30 h post-transfection in RIPA buffer supplemented with antiproteases, and 80 μg of each lysate was loaded and run on a 4-20% polyacrylamide gel. Proteins were transferred to a nitrocellulose membrane and blotted using anti-GFP (Roche ref.

11814460001) and antiactin (Sigma-Aldrich ref. A2066) primary antibodies.

Analysis of Endocytosis and Exocytosis Events with TfR-

Lime. Detection and quantification of endocytosis events were conducted using custom-made Matlab (R2018b) scripts that have previously been described. [START_REF] Sposini | Imaging Endocytic Vesicle Formation at High Spatial and Temporal Resolutions with the Pulsed-PH Protocol[END_REF] In short, a sudden, punctate, fluorescence increase appearing in pH 5.5 images was detected as being an endocytic event if (1) it was visible for more than 3 frames (i.e., 8 s) and (2) it appeared at the same location as a pre-existing fluorescence cluster detectable in pH 7.4 images. Candidate events from each cell were validated using a trained support vector machine as described previously. [START_REF] Sposini | Imaging Endocytic Vesicle Formation at High Spatial and Temporal Resolutions with the Pulsed-PH Protocol[END_REF] The event frequency was expressed per cell surface area measured on the cell masks. Imaging Neuronal Exocytosis with Synaptophysin-Lime. All procedures followed the European legislation for animal experimentation (directive 2010/63/EU), and animal manipulations were approved by the institutional Ethical Committee. Wild-type rats were of the Sprague Dawley strain Crl:CD (SD), which are bred by Charles River Laboratories worldwide following the international genetic standard protocol (IGS). Hippocampal CA3-CA1 regions without dentate gyrus were isolated from 0-to 2-days-old rats of mixed gender, plated on poly-ornithine-coated coverslips, transfected 7 days after plating using calcium phosphate-mediated gene transfer, and imaged 14-21 days after plating as previously described. [START_REF] De Juan-Sanz | Axonal Endoplasmic Reticulum Ca2+ Content Controls Release Probability in CNS Nerve Terminals[END_REF] These cultures resulted in mixed neuron-astrocyte cultures, which were maintained in culture media composed of MEM (Thermo Scientific), 0.5% glucose, 0.1 g/L bovine transferrin (Millipore Sigma), 0.25 g/L insulin (Millipore Sigma), 1% Glutamax (Thermo Scientific), 5-10% fetal bovine serum (Thermo Scientific), and 2% N-21 (Bio-Techne).

Culture media was replaced 2-3 days later with culture media containing 2 μM cytosine β-D-arabinofuranoside (Millipore Sigma) to limit astrocyte overgrowth. Cultures were incubated at 37 °C in a 95% air/5% CO 2 humidified incubator for 14-21 days prior to use.

Neuronal live-cell imaging was performed using a custom-built laserilluminated epifluorescence microscope with an Andor iXon Ultra (model no. DU-897U-CSO-#BV) back-illuminated electron-multiplying charge-coupled device camera cooled to -90 °C. Experiments were performed at a clamped temperature of 36.5 °C using both an in-line solution heater (640104: SHM-6, multichannel systems) and a chamber heater platform (64-0285 PH-2, multichannel systems).

Action potentials (AP) were evoked by passing 1 ms current pulses, yielding fields of approximately 7 V cm -1 via platinum-iridium electrodes using an imaging chamber that allows field stimulation (64-0226 RC-21BRFS, multichannel systems). Cells were continuously perfused at 0.1 mL/min with a Tyrode's solution containing (in mM) 119 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , and 30 glucose (Sigma-Aldrich G8270), 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and 50 μM D,L-2-amino-5-phosphonovaleric acid (AP5) to block postsynaptic AMPA and NMDA receptor responses, buffered to pH 7.4 using 25 mM HEPES. Synaptophysin-Lime was generated by
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Figure 1 .

 1 Figure 1. Rational engineering and in vitro characterization of Lime. (A) Design and genealogy of Lime and its variants. (B) Fluorescence spectrum of Lime at pH 5.5 (dotted lines) and pH 7.5 (solid lines). (C) pH titration curves of Lime.

Figure 2 .

 2 Figure 2. Structural analysis of Lime. (A) SEP mutation positions (from EGFP) are mapped on the structure (left: side view; right: top view) of GFP (PDB 1EMA). The chromophore is shown in green sticks, and mutated residues are shown in gray sticks. (B) In GFP, the side chain of residue S147 points outward from the β-barrel structure. (C) In Lime, the side chain of residue S147D points inward and directly interacts with the chromophore. (D) In the pH-sensitive GFP S65T/H148D variant (PDB 2DUF), H148D is pointing inward and directly interacts with the chromophore. Conformations of residue S147 and H148G in deGFP1 at pH 5.6 (E) (PDB 1JBY) and pH 9.0 (F) (PDB 1JBZ).

  adopts a more planar conformation compared to the lower pH structure. The two dihedral angles indicating the chromophore planarity are 8.7 and -5.6°in the pH 10 state, compared with 19.9 and -15.0°in the pH 6 state (FigureS2C,D). Second, the carboxylate group on the S147D side chain in the high pH structure sits closer to the chromophore (distance of 2.7 Å) than in the low pH structure (distance of 3.2 Å) (FigureS2C,D). These conformational changes in the chromophore and its proximity to the S147D side chain are likely associated with the large fluorescence change between high and low pH states.

Figure 3 .

 3 Figure 3. Imaging endocytosis and exocytosis with TfR-Lime. (A,B) Fluorescence images of TfR-SEP (A) and TfR-Lime (B) expressing cells at pH 7.4 and 2 s later at pH 5.5. Scale bar, 5 μm. Fluorescence images of TfR-Lime expressing cells at pH 7.4 and 2 s later at pH 5.5. Scale bar, 5 μm. (C,D) Average fluorescence at the time of scission with TfR-SEP or TfR-Lime at pH 7.4 (C) or pH 5.5 (D) (unpaired t-test, p = 0.027 and 0.029, respectively). (E) Frequency of detected endocytic events (unpaired t-test, p = 0.404). (F,G) Average fluorescence time course of endocytosis events reported by TfR-SEP ((F) 3712 events, 8 cells) and TfR-Lime ((G) 4269 events, 7 cells). Black lines represent 95% confidence intervals for randomized events to determine the level of enrichment at sites of scission. (H) Examples of exocytosis events in consecutive frames for cells transfected with TfR-SEP (top) and TfR-Lime (bottom). Scale bar, 1 μm. (I) Average fluorescence at the time of exocytosis for events with TfR-SEP and TfR-Lime (unpaired t-test, p = 0.027). (J) Frequency of detected exocytic events (unpaired t-test, p = 0.297). (K) Average fluorescence time course of exocytosis events reported by TfR-SEP (528 events, 8 cells) and TfR-Lime (721 events, 6 cells), aligned to the time of detection (time 0).

Figure 4 .

 4 Figure 4. Imaging neuronal activities with synaptophysin-Lime and ArcLimeade. (A) Representative image of neurons expressing synaptophysin-Lime. (B) Synaptophysin-Lime response time course under stimulation of 10 action potentials (AP) at 10 Hz (n = 8). Comparison between synaptophysin-Lime and synaptophysin-SEP in terms of fluorescence change upon 10 stimuli by the field electrode at 10 Hz (C), baseline fluorescence (D), and surface fractions (E). (F) Representative image of neurons expressing ArcLimeade. (G) Simultaneous fluorescence imaging (top) and whole-cell patch-clamp membrane voltage measurements (bottom) from cultured neurons expressing ArcLimeade. (H) Representative fluorescence changes of ArcLimeade to voltage steps from -110 to 50 mV, normalized to the fluorescence at -70 mV. (I) Fluorescence change vs membrane voltage (F-V) curve for ArcLimeade and ArcLight-Q239.
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  The average fluorescence intensity was measured in a 4-pixel diameter circle (430 nm) minus a local background (annulus of 4-pixel inner diameter, 10-pixel outer diameter) centered on the detected vesicle (images at pH 5.5) until the vesicle disappears. Causes of vesicle disappearance include movement away from the cell surface and vesicle acidification. Figure 3F,G represents averages ± SEM of the fluorescence (at pH 7.4 and 5.5) aligned at the time of vesicle detection (time 0) of all detected events. Detection and quantification of exocytosis events were performed with custom-made Matlab (R2018b) scripts as described previously. 46 Exocytosis events were detected with an ad hoc threshold in a differential movie and further validated with automated and user-defined criteria. The event frequency was expressed per cell surface area measured on the cell masks. The average fluorescence in a 5-pixel diameter area (minus a local background) centered on the appearing vesicle was measured for each event. The decrease in fluorescence reflects diffusion of TfR in the plasma membrane after exocytosis.

Table 1 .

 1 In Vitro Characterization of GFP-Based pH-Sensitive FPs

		extinction coefficient (EC, M -1 cm -1 )	quantum yield (QY)	molecular brightness (EC × QY/1000)	absorption maxima (nm)	excitation maxima (nm)	emission maxima (nm) pK a	n H	fold change (pH 5.6 to 7.2)
	EGFP	57,000	0.60	34	488	488	509	5.5	1.0	N.D. a
	SEP	37,000	0.80	30	490	488	511	7.0	1.7	66 ± 6
	SEP-D	31,000	0.80	25	490	488	511	7.2	1.3	70 ± 1
	Lime	45,000	0.77	35	483	488	510	7.1	1.6	82 ± 9
	mLime	36,000	0.72	26	483	488	509	7.1	1.6	86 ± 2
	Limeade	31,000	0.72	22	483	488	509	7.1	1.5	99 ± 1
	mLimeade	29,000	0.77	22	483	488	509	7.1	1.5	98 ± 1

a N.D., not determined.

Table 2 .

 2 In Vitro Characterization of EGFP-and mClover3-S147D Mutants

							emission			
		extinction coefficient (EC, M -1 cm -1 )	quantum yield (QY)	molecular brightness (EC × QY, ×1000)	absorption maxima (nm)	excitation maxima (nm)	maxima (nm)	pK a	n H	fold change (pH 5.6 to 7.2)
	EGFP-	32,000	0.53	17	488	488	509	7.0	1.4	43 ± 2
	S147D									
	mClover3-	45,000	0.61	27	507	508	518	7.3	1.0	67 ± 2
	S147D									
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replacing SEP with Lime in synaptophysin-SEP. Synaptophysin-Limeexpressing neurons were imaged at 10 Hz, and responses to 10 AP at 10 Hz were recorded. Images were analyzed using the ImageJ plugin Time Series Analyzer V3, where typically 30-40 regions of interest (ROIs) corresponding to synaptic boutons were selected, and fluorescence was measured over time.

Imagining Neuronal Membrane Voltage with ArcLimeade.

All procedures involving animals were conducted in accordance with protocols approved by the Howard Hughes Medical Institute Janelia Research Campus Institutional Animal Care and Use Committee and Institutional Biosafety Committee. Hippocampal neurons extracted from P0 to 1 Sprague Dawley rat pups were transfected with pcDNA3.1-CAG-ArcLimeade by electroporation (Lonza, P3 Primary Cell 4D-Nucleofector X kit). Neurons were plated onto 24-well glassbottom plates (MaTek) coated with poly-D-lysine (Sigma). Neurons were cultured for 8-12 days in NbActiv4 medium (BrainBits). Imaging buffer (containing the following (in mM): 145 NaCl, 2.5 KCl, 10 glucose, 10 HEPES pH 7.4, 2 CaCl 2 , and 1 MgCl 2 ) was used. Cultures were illuminated with a SPECTRA X light engine (Lumencor) and observed through a 40× oil objective (NA = 1.3, Nikon) on an inverted Nikon Eclipse Ti2 microscope. Excitation and emission light was passed through a FITC filter set (475/50 nm (excitation), 540/50 nm (emission), and a 506LP dichroic mirror (FITC-5050A-000; Semrock)) to image ArcLimeade. Fluorescence was collected by a CMOS camera (ORCA-Flash 4.0, Hamamatsu). A stimulus isolator (A385, World Precision Instruments) with platinum wires was used to deliver field stimuli to elicit action potentials in cultured neurons. For voltage-clamp experiments used to generate fluorescence-voltage curves, voltage steps (from -110 to +50 mV in 20 mV increments for 1 s) were applied to cells held at -70 mV. All recordings were done at room temperature.
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