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Most fast excitatory synaptic transmissions in the mammalian brain are mediated by α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPARs), which are ligand-gated cation channels. The membrane expression level of AMPARs is largely determined by auxiliary subunits in AMPAR macromolecules, including porcupine O-acyltransferase (PORCN), which negatively regulates AMPAR trafficking to the plasma membrane. However, whether PORCN-mediated regulation depends on AMPAR subunit composition or particular regions of a subunit has not been determined. We systematically examined the effects of PORCN on the ligand-gated current and surface expression level of GluA1, GluA2, and GluA3 AMPAR subunits, alone and in combination, as well as the PORCN-GluA interaction in heterologous HEK293T cells. PORCN inhibited glutamate-induced currents and the surface expression of investigated GluA AMPAR subunits in a subunit-independent manner. These inhibitory effects required neither the amino-terminal domain (ATD) nor the carboxy-terminal domain (CTD) of GluA subunits. In addition, PORCN interacted with AMPARs independently of their ATD or CTD. Thus, the functional inhibition of AMPARs by PORCN in transfected heterologous cells was independent of the ATD, CTD, and subunit composition of AMPARs.
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INTRODUCTION

Most fast excitatory synaptic transmissions in the mammalian brain are mediated by α -amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPARs), which are ligand-gated cation channels. Dynamic changes in AMPAR properties serve as a major mechanism governing many forms of synaptic plasticity, including homeostatic scaling and long-term depression and potentiation (Malenka, 2003; Kessels and Malinow, 2009; Huganir and Nicoll, 2013; Diering and Huganir, 2018). AMPAR dysfunction results in neuropsychiatric diseases, such as Alzheimer’s disease (Madsen et al., 1994; Whitehead et al., 2017), schizophrenia (Danysz, 2002; Barkus et al., 2014; Ward et al., 2015), and autism (Sudhof, 2008; Lee et al., 2016; Cheng et al., 2017). Mature AMPARs are tetramers comprising different combinations of four pore-forming subunits, which are as follows: GluA1, GluA2, GluA3, and GluA4 (Wu et al., 1996; Rosenmund et al., 1998; Dingledine et al., 1999; Greger and Mayer, 2019). Each GluA subunit comprises a large extracellular amino-terminal domain (ATD), three transmembrane domains (M1, M3, and M4), one reentrant loop (M2), a ligand-binding domain (LBD), and a carboxy-terminal domain (CTD). In addition, the endogenous AMPAR complex contains multiple auxiliary subunits that, together with the GluA tetramer, form a 0.6 to 1 MDa macromolecule (Schwenk et al., 2012). Genetic and proteomic studies have revealed more than a dozen auxiliary subunits, including transmembrane AMPAR regulatory proteins [TARPs; (Chen et al., 1999, 2000; Hashimoto et al., 1999; Tomita et al., 2003; Rouach et al., 2005)], cornichon homolog 2/3 [CNIH-2/3; (Schwenk et al., 2009; Kato et al., 2010; Herring et al., 2013)], germ cell-specific gene 1-like protein [GSG1L; (Shanks et al., 2012; McGee et al., 2015; Gu et al., 2016)], abhydrolase domain containing 6 [ABHD6; (Wei et al., 2016, 2017)], and porcupine O-acyltransferase [PORCN; (Erlenhardt et al., 2016)]. These auxiliary subunits modulate membrane localization, synaptic targeting, interorganelle trafficking, and the channel kinetics of AMPARs [reviewed in Jackson and Nicoll (2011), Cheng et al. (2012), Straub and Tomita (2012), Bettler and Fakler (2017), Bissen et al. (2019)].

As transmembrane receptors, AMPARs are transported to the plasma membrane, where they bind glutamate transmitters to transmit signals from the presynaptic neuron to the postsynaptic neuron. The auxiliary subunits of AMPARs are important mediators of AMPAR cell surface localization. Auxiliary subunits, including TARPS, CNIH-2/3, GSG1L, ABHD6, and PORCN, have been shown to have a role in the AMPAR trafficking process. Some auxiliary subunits, like stargazin and other type-I TARPS (Chen et al., 2000; Rouach et al., 2005; Straub and Tomita, 2012; Ben-Yaacov et al., 2017), promote AMPAR trafficking to the membrane and consequent synaptic transmission, whereas other auxiliary subunits, like GSG1L (Shanks et al., 2012; McGee et al., 2015; Gu et al., 2016) and ABHD6 (Wei et al., 2016, 2017), reduce the surface level of AMPARs and, hence, AMPAR-mediated excitatory neurotransmission. The auxiliary subunit PORCN serves as a negative regulator for AMPAR function in both neuronal cells and transfected heterologous cells (Erlenhardt et al., 2016). In this study, the inactivation of PORCN in hippocampal neurons reduced the amplitude but accelerated the decay kinetics of AMPAR-mediated synaptic transmission. Additionally, biochemistry analysis revealed a significant reduction in GluA1 and GluA2/3 levels in crude extracts and intracellular membrane fractions. However, there was a significant reduction in GluA2/3 but not GluA1 expression levels in the postsynaptic density (PSD) fraction. Finally, in HEK293T cells that lacked expression of AMPARs, PORCN overexpression decreased glutamate-induced currents when exogenously expressing GluA1 homologous AMPARs (Erlenhardt et al., 2016). Whether the inhibitory effects of PORCN on AMPAR function involve interactions with a specific AMPAR subunit or particular regions of an AMPAR subunit has not been determined.

In the present study, we examined the AMPAR subunit requirement for PORCN-mediated inhibition of AMPAR function in transfected heterologous cells. We showed that PORCN inhibits glutamate-induced currents and AMPAR surface expression in an AMPAR subunit-independent manner in heterologous cells. Furthermore, the ATD and CTD of AMPARs were not required to mediate the inhibitory effect of PORCN. We used immunoprecipitation assays to show that PORCN associated with all AMPAR subunits independently of the ATD and CTD. This was consistent with the functional data. Thus, our observations strongly supported the hypothesis that PORCN regulates AMPAR trafficking to the plasma membrane through protein-protein interactions.



MATERIALS AND METHODS


HEK293T Cell Culture and Transfection

In this study, stargazin, PORCN, full-length GluA subunits, and GluA deletion constructs were expressed in HEK293T cells (CRL-11268, ATCC). First, cells were cultured in a 37°C incubator supplied with 5% CO2. Then, cells were dissociated with 0.05% trypsin and plated on dishes at a density of 800,000 cells per 35 mm dish (counted with a μScope CellCounter Basic; C.E.T.) 24 h before transfection. A 2:3 ratio of GluA:stargazin cDNA and a 3:1 ratio of GluA-stargazin:PORCN cDNA was used as previously reported (Shi et al., 2009; Wei et al., 2017). A cDNA ratio of 3:2 was used for the coexpression of GluA1 and GluA2 as well as GluA2 and GluA3 as previously reported (Shi et al., 2009; Wei et al., 2017). In control groups, the same amount of empty vector was used instead of PORCN cDNA. Transfection was performed using polyethylenimine (Polysciences, United States) reagents. Transfected HEK293T cells were dissociated with 0.05% trypsin and plated on pretreated coverslips that were 8 mm diameter and coated with poly-D-lysine. Electrophysiological recording or immunostaining analyses were performed on cells transfected with 4 μg of total cDNA per 35 mm dish 24–36 h after transfection. For Western blotting, cells were transfected with 6.75 μg of full-length GluA subunit or GluA deletion plasmids together with 2.25 μg of myc-PORCN or control plasmids in 60 mm dishes and harvested 48 h after transfection.



Electrophysiological Recording

Electrophysiological recording was conducted on coverslips seeded with transfected HEK293T cells maintained in an external solution of 144 mM NaCl, 10 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM D-glucose (pH 7.3–7.4, Osm 315 mOsm/kg). For whole-cell patches, microelectrodes (3–5 MΩ, World Precision Instruments) were filled with an internal solution of 145 mM KCl, 5 mM NaCl, 5 mM EGTA, 4 mM MgATP, 0.3 mM Na2GTP, and 10 mM HEPES (pH 7.2, Osm 305 mOsm/kg). Series resistance was compensated to 60–70%, and recordings with series resistance values greater than 20 MΩ were rejected. Glutamate-induced currents were elicited through the local administration of external solution containing 10 mM L-glutamate acid (Sigma, G8415) for 2 s using an MPS-2 perfusion instrument [Inbio Life Science Instrument Co., Ltd.; (Wu et al., 2005)]. Whole-cell voltage clamp recordings were taken with an EPC10 patch clamp amplifier (HEKA, Lambrecht, Germany). Data were analyzed using the following software packages: Clampfit 10.0 (pClamp), Prism 5 (GraphPad Prism), and Igor 6.02 (WaveMetrics).



Hippocampal Culture and Calcium-Phosphate Transfection

Hippocampi were dissected from P0 pups and digested with 0.25% trypsin (Gibco, 25200072) at 37°C for 15 min. Neurons were plated on poly-D-lysine-coated glass coverslips and maintained at 37°C in 5% CO2 for 14 days before the experiment. The calcium-phosphate transfection method was used for the transfection of cultured neurons at 10 days in vitro. The DNA (0.5 μg per well in a 48 well plate) and Ca2+ were mixed and added to HBS drop by drop with a gentle vortex. After keeping the DNA/Ca2+/HBS mixture at room temperature for 30 min, it was added to the culture and incubated for 40 min at 37°C. Then, the culture was washed with culture medium two to three times and kept in the incubator.



Immunostaining

Immunostaining analyses were performed as previously described (Jiang et al., 2017). In brief, transfected HEK293T cells were washed once with phosphate-buffered saline (PBS; Thermo Scientific), fixed with 4% paraformaldehyde in PBS for 10 min at room temperature, and washed three times with PBS. Then, cells were permeabilized with 0.2% Triton X-100 for 5 min at room temperature for total protein analysis or were left unpermeabilized for surface protein analysis. After blocking with PBS containing 5% milk and 3% goat serum for 30 min at room temperature, cells were incubated with a primary antibody (anti-HA, 1:1000, Abmart; anti-Flag, 1:1000, Abmart) for 2 h at room temperature, washed three times with PBS, and incubated with the secondary antibody (donkey anti-mouse Alexa Fluor 546-conjugated secondary antibody, Life Technologies) for 30 min at room temperature. Fluoromount-G (Southern Biotech) was used to mount the cells on microscope slides. Images were acquired with a laser scanning confocal microscope (Olympus, FV3000) using a 60× objective lens (Olympus) and were further analyzed using the National Institutes of Health ImageJ program and Prism 5 software (GraphPad Prism).



Immunoblotting and co-IP Assay

Transfected HEK293T cells were washed once with PBS and incubated in 360 μL of cell lysis buffer comprising 50 mM Tris–HCl, 1 mM EDTA, 150 mM NaCl, and 1% CA-630 for 15 min at 4°C. Then, cell lysates were collected and centrifuged at 12,000 × g for 10 min at 4°C to remove the insoluble fraction. The supernatant was collected, and 10 μL was used as the input, while 350 μL was used for co-IP. Anti-myc magnetic beads (40 μL, 88843, Thermo Scientific) were added to the samples and rotated for 12 h at 4°C then washed four times with cell lysis buffer comprising 50 mM Tris–HCl, 1 mM EDTA, 150 mM NaCl, 1% lgepal CA-630, pH 7.4. Input and pulldown beads were heated at 70°C in sample buffer comprising 4× lithium dodecyl sulfate sample buffer and 10× sample reducing buffer. Then, they were subjected to SDS-PAGE (10% Bis-Tris gels, Life Technology) for 45 min at 200 V and transferred to nitrocellulose membranes. After blocking in SuperBlock T20 blocking buffer (37516, Thermo Scientific), membranes were incubated overnight at 4°C with primary antibodies against GluA1 (AB1504, Millipore, 1:2000), GluA2 (13607, CST, 1:2000), and flag (AE004, Abclonal, 1:1000). After three washes, membranes were incubated with the secondary antibody (IRDye 680LT goat anti-mouse IgG and 800CW goat anti-rabbit IgG, Odyssey) for 1 h at room temperature. Signals were detected with an infrared imaging system (Odyssey) and analyzed using the National Institutes of Health ImageJ program and Prism 5 software (GraphPad Prism).




RESULTS


PORCN Suppressed Glutamate-Induced Currents in HEK293T Cells Expressing GluA1, A2, or A3 With or Without Stargazin

To investigate whether the functional inhibition of AMPARs by PORCN depended on AMPAR subunit composition, we measured glutamate-induced currents via the whole-cell patch clamping of HEK293T cells transfected with various AMPAR subunits alone or in combination with stargazin and/or PORCN. Stargazin was used to promote AMPAR cell surface localization (Chen et al., 2000). Glutamate-induced currents were undetectable in HEK293T cells without transfection, because such cells do not normally express AMPAR subunits (Wei et al., 2016). In this study, PORCN expression significantly suppressed glutamate-induced currents mediated by GluA1 (Figure 1A), GluA2 (Figure 1B), and GluA3 (Figure 1C). The coexpression of stargazin with GluA2 or GluA3 significantly increased glutamate-induced currents compared with GluA2 or GluA3 expression alone but did not abolish the PORCN-mediated inhibition of AMPAR-mediated currents (Figures 1D–F). PORCN expression inhibited the peak amplitude of glutamate-induced currents in GluA1, GluA2, and GluA3 overexpressing cells with stargazin coexpression by 74.14 ± 14.79%, 95.39 ± 18.52%, and 70.99 ± 18.34%, respectively, and without stargazin coexpression by 60.45 ± 15.65%, 53.85 ± 20.45%, and 58.55 ± 19.44%, respectively. PORCN had similar effects on the plateau amplitude of glutamate-induced currents. In this case, percentage inhibition with stargazin coexpression was 75.39 ± 18.88%, 96.13 ± 18.72%, and 63.90 ± 30.36%, and without stargazin coexpression, it was 56.00 ± 15.30%, 68.14 ± 25.46%, and 76.37 ± 25.70%.
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FIGURE 1. The overexpression of PORCN suppressedglutamate-induced currents mediated by GluA2 and GluA3 in HEK293T cells with or without stargazin coexpression. (A) Representative traces (left) and summary graphs (right) of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA1 and either PORCN or a control plasmid. (B) Representative traces (left) and summary graphs (right) of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA2 and either PORCN or a control plasmid. (C) Representative traces (left) and summary graphs (right) of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA3 and either PORCN or a control plasmid. (D) Representative traces and summary graphs of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA1, stargazin, and either PORCN or a control plasmid. (E) Representative traces and summary graphs of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA2, stargazin, and either PORCN or a control plasmid. (F) Representative traces and summary graphs of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA3, stargazin, and either PORCN or a control plasmid. (G) Representative traces and summary graphs of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA1 and GluA2 and either PORCN or a control plasmid. (H) Representative traces and summary graphs of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA2 and GluA3 and either PORCN or a control plasmid. (I) Representative traces and summary graphs of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA1, GluA2, and stargazin and either PORCN or a control plasmid. (J) Representative traces and summary graphs of the peak amplitudes and plateaus of 10 mM glutamate-induced currents in HEK293T cells transfected with GluA2, GluA3, and stargazin and either PORCN or a control plasmid. In all panels, the black traces and bars represent the control condition (no PORCN expression), while the red traces and bars represent PORCN overexpression. All summary graphs show means ± SEMs; statistical comparisons were performed with a student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001).


Most endogenous AMPARs in the brain exist in complexes comprising GluA1/A2 or GluA2/A3 (Wenthold et al., 1996; Lu et al., 2009). To account for this, we transfected HEK293T cells with a combination of GluA1/A2 or GluA2/A3 at a ratio of 3:2. PORCN inhibited glutamate-induced currents in HEK293T cells expressing GluA1/A2 (Figure 1G) and GluA2/A3 (Figure 1H) by 67.88 ± 23.54% and 85.80 ± 19.71%, respectively. The coexpression of stargazin together with GluA1/A2 and GluA2/A3 was not associated with a PORCN-related inhibitory effect, as percentage inhibition was 64.55 ± 12.99% for GluA1/A2 and 42.87 ± 18.56% for GluA2/A3 (Figures 1I,J). Thus, PORCN inhibited glutamate-induced currents in a subunit- and stargazin-independent manner in transfected HEK293T cells.



PORCN Suppressed the Surface Delivery of GluA1, GluA2, and GluA3 in Transfected HEK293T Cells and Cultured Hippocampal Neurons

To investigate whether the PORCN-mediated inhibition of AMPAR-mediated currents was due to a reduction in surface AMPAR levels, we used quantitative immunocytochemistry to measure total and cell surface GluA protein levels in permeabilized and non-permeabilized transfected HEK293T cells, respectively. PORCN overexpression significantly reduced surface expression levels of GluA1, GluA2, and GluA3 in cells cotransfected with stargazin as indicated by decreased signals for the antibody against an extracellular epitope in non-permeabilized HEK293T cells. Signals decreased by 42.75 ± 11.09%, 59.30 ± 11.05%, and 82.11 ± 20.47%, respectively (Figures 2A1–A3). In contrast, immunostaining signals in permeabilized HEK293T cells for total GluA1, GluA2, and GluA3 levels were significantly higher in PORCN-transfected cells than in corresponding control cells (Figures 2B1–B3). This finding ruled out the possibility that the PORCN-mediated inhibition of surface GluA expression was due to a reduction in the expression of total AMPAR proteins. Thus, PORCN appeared to inhibit the plasma membrane delivery of AMPAR subunits (GluA1, GluA2, and GluA3) while increasing the total expression of these subunits in transfected HEK293T cells.
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FIGURE 2. The overexpression of PORCN suppressed the surface expression of GluA1, GluA2, and GluA3 in transfected HEK293T cells. (A) Representative images (left) and quantification of the puncta intensity (right) of the surface expression of GluAs in HEK293T cells expressing GluA1 and stargazin (A1), GluA2 and stargazin (A2), or GluA3 and stargazin (A3) and transfected with either PORCN or a control plasmid. (B) Representative images (left) and quantification of the puncta intensity (right) of the total expression of GluAs in HEK293T cells expressing GluA1 and stargazin (B1), GluA2 and stargazin (B2), or GluA3 and stargazin (B3) and transfected with either PORCN or a control plasmid. The white lines in the images represent scale bars (scale bars = 10 μm). All summary graphs show means ± SEMs; statistical comparisons were performed with a student’s t-test (*p < 0.05; ***p < 0.001).


To further determine whether PORCN suppressed the surface expression of GluA subunits of AMPARs in cultured neurons, we transfected hippocampal neurons with plasmid encoding PORCN together with plasmid encoding GFP plasmids. Then, we labeled surface GluA1 and GluA2 subunits using the antibody against extracellular epitopes in transfected neurons and measured surface GluA1 and GluA2 levels using quantitative immunocytochemistry. The intensity of surface GluA1 and GluA2 puncta in non-permeabilized neurons decreased by 67.32 ± 15.92% and 51.12 ± 10.15%, respectively, while their density decreased by 33.94 ± 8.224% and 34.26 ± 7.720%, respectively (Figures 3A,B). Thus, the overexpression of PORCN significantly reduced surface GluA1 and GluA2 levels. As there were no antibodies suitable for labeling surface GluA3 levels in neurons, so we transfected the hippocampus neurons with GluA3 with a flag tag in the N terminal and labeled the surface signal using the antibody against the flag tag. The intensity of GluA3-transfected hippocampus neurons decreased by 39.44 ± 19.70%, while their density decreased by 66.95 ± 18.33% (Figure 3C). Thus, as was the case with GluA1 and GluA2, the overexpression of PORCN significantly decreased surface GluA3 levels. Overall, our data suggested that PORCN suppressed the surface expression of GluA1, GluA2, and GluA3 subunits of AMPARs in cultured neurons.
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FIGURE 3. PORCN suppressed the surface expression of GluA subunits of AMPARs in cultured neurons. (A) Representative images and quantification of the intensity and density of the surface expression of native GluA1. (B) Representative images and quantification of the intensity and density of the surface expression of native GluA2. (C) Representative images and quantification of the intensity and density of the surface expression of GluA3 in neurons transfected with N-flag tagged GluA3. The white lines in the images represent scale bars (scale bars = 10 μm). All summary graphs show means ± SEMs; statistical comparisons were performed with a student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001).




The ATD and CTD of AMPAR Subunits Are Not Required for the PORCN-Mediated Inhibition of AMPAR Delivery to the Plasma Membrane

Next, we investigated which AMPAR regions were required for the PORCN-mediated inhibition of AMPAR plasma membrane delivery. The removal of the LBD or transmembrane domain of AMPARs results in a complete loss of receptor function, so we focused the analysis on the ATD and CTD regions of AMPARs. To this end, we constructed thirteen plasmids expressing full or mutated versions of GluA1, GluA2, or GluA3. These plasmids had the ATD and various CTDs or the amino acid 824 from the CTD deleted. To delete the amino acid 824 from the CTD, we removed two serine phosphorylation sites and the PDZ-binding domain (Granger et al., 2013). In addition, we constructed a mutated version of GluA3 with KSRAESKRMKLTK (MPR) deleted, as this is known to disrupt the palmitoylation site and abolish the interaction with N4.1 in GluA1 (Lin et al., 2009; Supplementary Figure S1A). We generated GluA2-ΔATD and GluA3-ΔATD deletion constructs according to our previously reported protocol for GluA1-ΔATD construction (Wei et al., 2016, 2017). We generated CTD deletion constructs using strategies similar to those adopted previously for GluA1 (Sheng et al., 2018). We fused all GluA-ΔATD constructs with a flag tag immediately downstream from the signal peptide separated by a GQG spacer, and we fused GluA CTD deletion constructs with an HA tag at the extreme C-terminus separated by a GQG spacer. Then, we measured the ligand-gated currents of cells expressing these GluA mutants. As expected, glutamate elicited detectable inward currents in all cells coexpressing GluA and stargazin, except for HEK293T cells expressing GluA3-ΔC with four other amino acids, leaving only “EFCY” remaining in the AMPAR’s cytoplasmic tail (Supplementary Figure S1B). To analyze the contribution of the GluA3 CTD, we used the GluA3-ΔMPR deletion construct to complement the GluA3-Δ824 mutant in the following function assay.

Our results demonstrated that glutamate-induced currents were significantly higher in control cells expressing stargazin and GluA1/2/3-ΔATD constructs and in control cells expressing the GluA1/2/3 CTD deletion constructs GluA1/2-ΔC, GluA1/2/3-Δ824, and GluA3-ΔMPR than in corresponding cells coexpressing PORCN. Percentage inhibitions for GluA1-ΔATD (69.87 ± 15.46%), GluA1-Δ824 (65.66 ± 15.35%), GluA1-ΔC (89.81 ± 19.65%), GluA2-ΔATD (79.53 ± 17.53%), GluA2-Δ824 (83.63 ± 19.53%), GluA2-ΔC (81.52 ± 31.68%), GluA3-ΔATD (82.47 ± 25.50%), GluA3-Δ824 (86.10 ± 18.90%), and GluA3-ΔMPR (67.98 ± 15.30%) have been shown in Figures 4A–C. Consistent with these results, the surface expression of AMPARs in non-permeabilized HEK293T cells transfected with GluA1/2/3-ΔATD or CTD deletion constructs was significantly suppressed by the overexpression of PORCN. Percentage inhibitions for GluA1-ΔATD (45.22 ± 8.90%), GluA1-Δ824 (50.15 ± 8.97%), GluA1-ΔC (80.55 ± 14.46%), GluA2-ΔATD (84.74 ± 10.79%), GluA2-Δ824 (85.62 ± 11.50%), GluA2-ΔC (82.23 ± 12.84%), GluA3-ΔATD (50.73 ± 10.06%), GluA3-Δ824 (52.84 ± 16.18%), and GluA3-ΔMPR (47.09 ± 13.62%) have been given in Figures 5A–C.


[image: image]

FIGURE 4. The ATD and CTD of GluAs are not required for the inhibitory effect of PORCN on glutamate-induced currents. (A) Representative traces (A1) and summary graphs (A2) of the normalized peak amplitudes of 10 mM glutamate-induced currents in HEK293T cells transfected with full-length GluA1 or GluA1 deletion constructs (GluA1-ΔATD, GluA1-Δ824, and GluA1-ΔC), stargazin, and either PORCN or a control plasmid. (B) Representative traces (B1) and summary graphs (B2) of the normalized peak amplitudes of 10 mM glutamate-induced currents in HEK293T cells transfected with full-length GluA2 or GluA2 deletion constructs (GluA2-ΔATD, GluA2-Δ824, or GluA2-ΔC), stargazin, and either PORCN or a control plasmid. (C) Representative traces (C1) and summary graphs (C2) of the normalized peak amplitudes of 10 mM glutamate-induced currents in HEK293T cells transfected with full-length GluA3 or GluA3 deletion constructs (GluA3-ΔATD, GluA3-Δ824, and GluA3-ΔMPR), stargazin, and either PORCN or a control plasmid. All summary graphs show means ± SEMs; statistical comparisons were performed with a student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 5. The ATD and CTD of GluAs are not required for the inhibitory effect of PORCN on the membrane expression of AMPARs in transfected HEK cells. (A) Representative images and quantification of the puncta intensity of the surface expression of GluA1 deletion constructs in HEK293T cells expressing GluA1 deletion constructs (A1: GluA1-ΔATD, A2: GluA1-Δ824, A3: GluA1-ΔC) and stargazin and transfected with either PORCN or a control plasmid. (B) Representative images and quantification of the puncta intensity of the surface expression of GluA2 deletion constructs in HEK293T cells expressing GluA2 deletion constructs (B1: GluA2-ΔATD, B2: GluA2-Δ824, B3: GluA2-ΔC) and stargazin and transfected with either PORCN or a control plasmid. (C) Representative images and quantification of the puncta intensity of the surface expression of GluA3 deletion constructs in HEK293T cells expressing GluA3 deletion constructs (C1: GluA3-ΔATD, C2: GluA3-Δ824, C3: GluA3-ΔMPR) and stargazin and transfected with either PORCN or a control plasmid. All summary graphs show means ± SEMs; statistical comparisons were performed with a student’s t-test (**p < 0.01; ***p < 0.001).


To determine whether PORCN suppressed the surface expression of the various fragments of AMPARs employed in cultured neurons, we transfected neurons with plasmid encoding PORCN, together with GluA1-ΔATD, GluA1-ΔC, GluA2-ΔATD, GluA2-ΔC, GluA3-ΔATD, GluA3-Δ824, or GluA3-ΔMPR and labeled the surface signal using the antibody against the flag tag in the N terminal of deletion constructs. Quantitative immunocytochemistry showed that the overexpression of PORCN suppressed the surface expression of all deletion constructs. Decreases in the intensity of GluA1-ΔATD (66.47 ± 13.30%), GluA1-ΔC (83.47 ± 17.66%), GluA2-ΔATD (79.84 ± 13.89%), GluA2-ΔC (74.20 ± 11.99%), GluA3-ΔATD (75.61 ± 19.31%), GluA3-Δ824 (69.23 ± 14.05%), GluA3-ΔMPR (57.72 ± 13.44%) varied. Decreases in the density of GluA1-ΔATD (25.37 ± 11.17%), GluA1-ΔC (51.10 ± 11.19%), GluA2-ΔATD (40.54 ± 10.29%), GluA2-ΔC (26.60 ± 9.540%), GluA3-ΔATD (53.14 ± 10.26%), GluA3-Δ824 (50.29 ± 11.66%), GluA3-ΔMPR (62.02 ± 8.041%) also varied (Figures 6A1,A2,B1,B2,C1–C3). Taken together, our results demonstrated that neither the ATD nor the CTD of AMPAR subunits GluA1, GluA2, and GluA3 were required for the PORCN-mediated functional inhibition of AMPARs.
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FIGURE 6. The ATD and CTD of GluAs are not required for the inhibitory effect of PORCN on the surface expression of AMPARs in cultured neurons. (A1,A2) Representative images and quantification of the intensity and density of the surface expression of GluA1 deletion constructs (A1: GluA1-ΔATD, A2: GluA1-ΔC) in cultured neurons expressing GluA1 deletion constructs. (B1,B2) Representative images and quantification of the intensity and density of the surface expression of GluA2 deletion constructs (B1: GluA2-ΔATD, B2: GluA2-ΔC) in cultured neurons expressing GluA2 deletion constructs. (C1–C3) Representative images and quantification of the intensity and density of the surface expression of GluA3 full length and deletion constructs (C1: GluA3-ΔATD, C1: GluA1-Δ824, C3: GluA3-ΔMPR) in cultured neurons expressing GluA3 deletion constructs. The white lines in the images represent scale bars (scale bars = 5 μm). All summary graphs show means ± SEMs; statistical comparisons were performed with a student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001).




The Interaction of PORCN With AMPARs Was Independent of Their ATD or CTD

The PORCN-mediated functional inhibition of AMPARs is thought to be caused by an interaction of PORCN with these receptors (Schwenk et al., 2012; Erlenhardt et al., 2016). We used immunoprecipitation assays to search for regions in AMPAR subunits that interacted with PORCN. We used an anti-myc antibody to immunoprecipitate myc-PORCN in HEK293T cells transfected with PORCN and wild-type or deletion mutants of GluA1-3 subunits. First, we determined whether PORCN coimmunoprecipitated with full-length and mutant GluA1. To this end, we used anti-GluA1 to detect the wild-type and GluA1-ΔATD mutant and an anti-HA antibody to detect GluA1-CTD deletion proteins, because the anti-GluA1 antibody used in this study recognized CTD regions that were absent from GluA1-CTD deletion constructs. Findings showed that Myc-tagged PORCN coimmunoprecipitated with full-length GluA1 when both PORCN and GluA1 were expressed (Figure 7A). Furthermore, PORCN coimmunoprecipitated with GluA1-ΔATD and GluA1 CTD mutants GluA1-Δ824 and GluA1-ΔC in transfected HEK293T cells (Figure 7A).
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FIGURE 7. The binding of PORCN to AMPARs is independent of the AMPAR ATD or CTD. (A) Pulldown of GluA1, GluA1-ΔATD, GluA1-Δ824, and GluA1-ΔC expressed in transfected HEK293T cells together with the pulldown of myc-tagged PORCN with an anti-myc antibody. (B) Pulldown of GluA2, GluA2-ΔATD, GluA2-Δ824, and GluA2-ΔC expressed in transfected HEK293T cells together with the pulldown of myc-tagged PORCN with an anti-myc antibody. (C) Pulldown of GluA3, GluA3-ΔATD, GluA3-Δ824, and GluA3-ΔMPR expressed in transfected HEK293T cells together with the pulldown of myc-tagged PORCN with an anti-myc antibody.


We performed similar experiments with GluA2 using an anti-GluA2 antibody that recognized the transmembrane region of GluA2 present in all GluA2 deletion constructs. GluA2-Δ824, GluA2-ΔATD, GluA2-ΔC, and the full-length GluA2 protein bound to myc-PORCN (Figure 7B). The results of similar experiments performed with GluA3 using an anti-flag antibody revealed that GluA3-Δ824, GluA3-ΔATD, and GluA3-ΔMPR as well as the full-length GluA3 protein bound to myc-PORCN (Figure 7C). Collectively, our data indicated that neither the ATD nor the CTD were involved in the interaction of PORCN with AMPARs, which suggested that other regions in AMPARs, such as the LBD and transmembrane domains, might be involved.




DISCUSSION

The trafficking of AMPARs to the plasma membrane determines the synaptic strength at excitatory synapses, and auxiliary subunits are key regulators of the intracellular and membrane delivery of AMPARs. PORCN, an auxiliary subunit of AMPARs, controls surface AMPAR levels in both transfected heterologous cells and in neurons (Schwenk et al., 2012; Erlenhardt et al., 2016). Here, we demonstrated that PORCN inhibits the ligand-gated currents and surface expression levels of GluA1, GluA2, and GluA3 in transfected HEK293T cells. This finding of subunit independence supported the previous finding that the inactivation of PORCN in hippocampal neurons reduced the total levels of GluA1, GluA2, and GluA3 (Erlenhardt et al., 2016). This inhibition required neither the ATD nor the CTD of these AMPAR subunits. Moreover, the interaction of PORCN with AMPARs was independent of the ATD and CTD of these AMPAR subunits. Thus, PORCN inhibited the function of AMPARs in a subunit-independent manner that did not involve the ATD or CTD of AMPARs.

Similar to the inhibitory effect of ABHD6, another auxiliary subunit of AMPARs (Schwenk et al., 2012; Wei et al., 2016, 2017), the inhibitory effect of PORCN on cell surface levels of GluA1, GluA2, and GluA3 in transfected HEK293T cells does not require the presence of either stargazin (γ-2, Figure 1C) or γ-8 (Erlenhardt et al., 2016). In contrast, the expression of CNIH-2, another auxiliary AMPAR subunit, in HEK cells slows the deactivation of AMPARs comprising GluA1, A2, or their combination; however, γ-8 expression reverses the effect of CNIH-2 on GluA2-containing AMPARs but not GluA1 homomers (Herring et al., 2013). Thus, multiple classes of auxiliary AMPAR proteins can mediate AMPAR trafficking to the plasma membrane.

Our data demonstrated that the ATD and CTD of AMPAR subunits GluA1, GluA2, and GluA3 were not required for the PORCN-mediated inhibition of AMPAR function or for the PORCN–AMPAR interaction. The ATD and CTD of AMPARs play substantial roles in the membrane trafficking of this receptor (Xia et al., 2002; Granger et al., 2013). Notably, multiple sites or regions in the CTD of AMPARs undergo protein modifications, such as nitrosylation, palmitoylation, ubiquitination, and phosphorylation/dephosphorylation [see (Diering and Huganir, 2018) for a detailed review]. A sophisticated molecular replacement strategy has been used to show that the PDZ binding motif in the AMPAR CTD is crucial for the synaptic delivery of AMPARs to the postsynaptic plasma membrane during both the basal state and long-term potentiation (Sheng et al., 2018). The interaction of other auxiliary subunits with the AMPAR CTD is essential. For example, ABHD6 reduces the surface expression levels of AMPARs in heterologous cells by binding to their cytoplasmic region (Wei et al., 2016, 2017). Another recent report indicated that the AMPAR’s ATD is involved in AMPAR trafficking. In the AMPAR complete knockout background, GluA1 or GluA2 expression resulted in the full or partial restoration of AMPAR-mediated synaptic transmission in Schaffer collateral pathways, while the expression of corresponding ATD deletion constructs did not rescue this transmission (Diaz-Alonso et al., 2017; Watson et al., 2017).

The exact molecules mediating this GluA-ATD interaction are unknown, but promising proteins associated with the GluA-ATD, including neuronal pentraxins, have been reported (O’Brien et al., 1999, 2002; Sia et al., 2007; Chang et al., 2010; Gu et al., 2013; Pelkey et al., 2015; Lee et al., 2017). In this study, AMPAR subunits, even in the absence of the ATD or CTD (for example, GluA-ΔC and GluA-ΔATD), constituted functional receptors in transfected HEK293T cells as indicated by their surface expression and capability to mediate glutamate-induced currents. Interestingly, PORCN inhibited the membrane expression of AMPARs and ligand-gated currents mediated by GluA CTD deletion constructs and GluA-ΔATD. This inhibition was not due to an effect on expression levels, because quantitative immunoblotting showed that the expression levels of these AMPAR mutants were not reduced to those of full-length AMPARs. This finding agreed with previous work, which showed that normal AMPAR-mediated synaptic transmission followed the replacement of endogenous AMPARs with various GluA1 CTD deletion mutants (Δ824, ΔMPR, or ΔC) in Cre-expressing Gria1-3fl/fl hippocampal CA1 neurons (Granger et al., 2013). Our data suggested that multiple mechanisms might act independently to regulate the processes through which AMPARs are delivered to the membrane.

Our patch clamp recording, immunostaining, and immunoprecipitation results indicated that the site at which AMPARs interact with PORCN was not located in the ATD or CTD and that it may be located in the LBD or transmembrane regions. Thus, the exact region in which PORCN and AMPAR subunits functionally interact remains to be identified. This issue must be addressed through further systematic molecular and cellular biology studies.
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Congenital nystagmus (CN) is an ocular movement disorder manifested as involuntary conjugated binocular oscillation and usually occurs in early infancy. The pathological mechanism underlying CN is still poorly understood. We mapped a novel genetic locus 9q33.1-q34.2 in a larger Chinese family with autosomal dominant CN and identified a variant (c.47A>G/p.His16Arg) of STXBP1 by exome sequencing, which fully co-segregated with the nystagmus phenotype in this family and was absent in 571 healthy unrelated individuals. The STXBP1 encodes syntaxin binding protein 1 (also known as MUNC18-1), which plays a pivotal role in neurotransmitter release. In unc-18 (nematode homolog of MUNC18-1) null Caenorhabditis elegans, we found that the p.His16Arg exhibits a compromised ability to rescue the locomotion defect and aldicarb sensitivity, indicating a functional defect in neurotransmitter release. In addition, we also found an enhanced binding of the p.His16Arg mutant to syntaxin 3B, which is a homolog of syntaxin 1A and specifically located in retinal ribbon synapses. We hypothesize that the variant p.His16Arg of STXBP1 is likely to affect neurotransmitter release in the retina, which may be the underlying etiology of CN in this family. Our results provide a new perspective on understanding the molecular mechanism of CN.

Keywords: autosomal dominant congenital nystagmus, STXBP1/MUNC18-1, syntaxin 3B, Caenorhabditis elegans, neurotransmitter release


INTRODUCTION

Congenital nystagmus (CN, OMIM 310700) is the involuntary oscillation of eyes, a common ocular disorder usually accompanied by reduced visual acuity, head nodding, strabismus and abnormal head position (Liu et al., 2007). It appears at birth or within the first few months of life, and often occurs in isolation or coupled with other visual diseases such as albinism, congenital cataracts, aniridia, or optic nerve hypoplasia (Gottlob and Proudlock, 2014). The directions of eye oscillations include horizontal, vertical, rotatory, or combinations of these directions, with horizontal being the most common. The prevalence of all forms of CN is estimated to be 0.14% in Western countries (Sarvananthan et al., 2009), while it is 0.025% in Chinese population (Hu, 1987). It is worth noting that CN is often recognized as a unique phenotype of patients with congenital stationary night blindness (CSNB) and foveal hypoplasia due to the lack of visual electrophysiological and optical coherence tomography (OCT) examinations (Roussi et al., 2011; Thomas et al., 2014).

The models of inheritance for CN are autosomal dominant, autosomal recessive, X-linked dominant and X-linked recessive. Of these, X-linked inheritance is the most common form. Up to now, three loci for X-linked CN have been mapped to Xq26.3-q27.1 (NYS1, OMIM 310700) (Kerrison et al., 1999), Xp11.4-p11.3 (NYS5, OMIM 300589) (Cabot et al., 1999) and Xp22 (NYS6, OMIM 300814) (Liu et al., 2007), and four loci for autosomal dominant congenital nystagmus (AD-CN) have been identified on 6p12 (NYS2, OMIM 164100) (Kerrison et al., 1996), 7p11.2 (NYS3, OMIM 608345) (Klein et al., 1998), 13q31-q33 (NYS4, OMIM 193003) (Ragge et al., 2003) and 1q31.3-q32.1 (NYS7, OMIM 614826) (Xiao et al., 2012). So far, only four pathogenic genes of CN have been identified. FRMD7 (OMIM 300628) has been linked to NYS1 (Tarpey et al., 2006), and GRP143 (OMIM 300808) has been associated to NYS6 (Liu et al., 2007). Recently, mutations in MANBA (OMIM 609489) and AHR (OMIM 600253) has been reported to cause autosomal dominant CN (Yu et al., 2015) and autosomal recessive CN (Mayer et al., 2019), respectively. Furthermore, structural variations in a non-coding region within the NYS7 locus have been linked to autosomal dominant CN (Sun et al., 2020). However, the role of these genes in CN is still largely unknown. Although several hypotheses have been proposed to elucidate the neurological mechanisms underlying CN, there is still no consensus on the pathogenesis of CN. Therefore, identification of more pathogenic genes and further exploration of their physiological function will advance our understanding of the etiology and pathogenesis of nystagmus.

STXBP1 (OMIM 602926) encodes syntaxin binding protein 1, commonly known as MUNC18-1, which plays a critical role in neurotransmitter release (Ma et al., 2013). Pathogenic variants in STXBP1 have been reported to be mainly involved in epileptic encephalopathy, early infantile, 4 (EIEE4, OMIM 612164) with or without nystagmus (Saitsu et al., 2008; Stamberger et al., 2016). The interactions between MUNC18-1 and different syntaxin proteins are essential for membrane fusion and neurotransmitter release in various tissues. Syntaxin 1B is a syntaxin protein mostly expressed in central nervous system and pathogenic variants in which cause generalized epilepsy with febrile seizures plus, type 9 (OMIM 616172), with nystagmus symptom was noted in some patients (Vlaskamp et al., 2016). Epithelial cells and nervous system expressed STX3 (OMIM 600876) has recently been reported as the pathogenic gene of microvillus inclusion disease (MVID) with or without nystagmus (Julia et al., 2019). Furthermore, gabapentin (analog of inhibitory neurotransmitter gamma-aminobutyric acid) and memantine (antagonist of excitatory neurotransmitters) were reported as effective drugs for the treatment of CN (McLean et al., 2007). These studies raised the question whether synaptic transmission plays a pivotal role in the pathogenesis of CN.

In this study, we mapped a novel genetic locus 9q31.3-q34.2 of AD-CN and identified a variant (c.47A>G/p.His16Arg) of STXBP1 in a large Chinese family with CN and visual electrophysiological abnormalities. We found that the p.His16Arg mutant results in reduced locomotion and aldicarb sensitivity in unc-18 (nematode homolog of MUNC18-1) null Caenorhabditis elegans, and exhibits a stronger binding to syntaxin 3B. We hypothesize that the variant p.His16Arg of MUNC18-1 may affect neurotransmitter secretion in the retina, which is the underlying etiology of CN. Our findings provide a new perspective on the significance of synaptic transmission underlying the pathological mechanism of nystagmus.



MATERIALS AND METHODS


Patients and Genomic DNA Extraction

A large Chinese family from Ningxia Autonomous Region with CN was identified and characterized at Peking University People’s Hospital. The study was approved by the ethics committee of Huazhong University of Science and Technology (Wuhan, China) and conformed to the Declaration of Helsinki. Informed consents and 5 ml peripheral blood samples were obtained from eight affected and fifteen unaffected family members. Genomic DNA was extracted according to standard procedures using the Promega Wizard Genomic DNA Purification Kit (Promega, United States).



Linkage and Genotyping Analysis

Genome-wide linkage scan of this family was carried out with 382 fluorescent microsatellite markers from ABI Mapping Panel MD-10 (Applied Biosystems, United States). Microsatellite markers were genotyped using an ABI 3730 Genetic Analyzer (Applied Biosystems, United States). Genotypes were analyzed by the GeneMapper 2 Software (Applied Biosystems, United States). Two-point linkage analysis was performed as previously described (Dai et al., 2008). Microsatellite markers for fine mapping on chromosome 9 were obtained from the Marshfield Clinic Medical Genetics database.



Exome Sequencing and Sanger Sequencing

Exome sequencing was conducted by BGI Genomics (BGI, China). Detail methods were described previously (Zhang et al., 2013). The variants of candidate genes were verified by Sanger sequencing. Primers used to identify and analyze the STXBP1 variant are listed in Supplementary Table S2.



Restriction Fragment Length Polymorphism (RFLP) Analysis

The c.47A>G variant of STXBP1 would result in a loss of the NsiI restriction site. Therefore, PCR primers designed for RFLP analysis are listed in Supplementary Table S3. The PCR products were digested with NsiI (New England Biolabs, United States) overnight at 37°C and separated on 2% agarose gels to classify the wild-type and mutant alleles.



RT-PCR and Plasmid Construction

Total RNA was isolated from SH-SY5Y cell line or mouse tissue or worms with TRIzol reagent (Invitrogen, United States) according to the manufacturer’s protocol. cDNA was generated using the M-MLV RT-PCR kit (Invitrogen, United States) with 1 μg of total RNA from each sample. Expression of mRNA in worms was analyzed with ABI 7900HT Real-Time PCR system (Applied Biosystems, United States) using SYBR Green mix (Roche Diagnostics, Germany). Primers used for qRT-PCR are listed in Supplementary Table S3.

The full-length coding sequence of human STXBP1 (ENST00000373299) and STX3B (ENST00000633708) were obtained from SH-SY5Y cells cDNA, while the CDS of mouse Stxbp1 (ENSMUST00000050000) and Stx3B (ENSMUST000000 47698) were obtained from mouse retina cDNA. All the missense mutants were introduced by Overlap-PCR based on wild-type’s sequence.



Cell Culture and Transfection

Neuro-2A cells, SH-SY5Y cells and HeLa cells were cultured in Dulbecco’s modified Eagle medium (Gibco, United States) supplemented with 10% fetal bovine serum (Gibco, United States) at 37°C and 5% CO2. Cells were transiently transfected using Lipofectamine 2000 (Invitrogen, United States) in Opti-MEM I Reduced Serum (Gibco, United States), according to the manufacturer’s instructions. After transfection for 24 h or 36 h, cells were harvested for RNA/protein extraction or immunofluorescent labeling.



Western Blot, GST Pull-Down and Co-immunoprecipitation

Western blot, GST pull-down and co-immunoprecipitation assays were performed as previously described (Huang et al., 2015). Flag tagged human MUNC18-1, Flag tagged human syntaxin 1A (STX1A), Flag tagged human syntaxin 3B (STX3B), and Flag tagged mouse syntaxin 3B (Stx3B) were extracted from HeLa cells transfected with corresponding plasmids. GFP tagged human MUNC18-1 and GFP tagged worm UNC-64 were extracted from HeLa cells transfected with corresponding plasmids. GST tagged human MUNC18-1 was extracted from Escherichia coli Rosetta strain transformed with human MUNC18-1 cDNA plasmids. Mouse syntaxin 3 (Stx3) was extracted from mouse retina lysate. The primary antibodies were as follows: MUNC18-1 (1:500, mouse monoclonal antibody, BD Biosciences, Canada), Syntaxin 3 (1:1000, rabbit polyclonal antibody, Abcam, United Kingdom), GFP (1:5000, rabbit polyclonal antibody, Proteintech, United States), FLAG (1:5000, mouse monoclonal antibody, MBL, Japan), GPADH (1:3000, mouse monoclonal antibody, Proteintech, United States), GST (1:5000, rabbit polyclonal antibody, ABclonal, United States), beta-actin (1:3000, mouse monoclonal antibody, CST, United States). Quantitative analysis of protein bands was performed by the Image J software1.



Preparation of Frozen Sections and Immunofluorescent Labeling

The mouse eyes were rapidly enucleated after cardiac perfusion and were incubated immediately in 4% paraformaldehyde for 30 min at room temperature. The eyes were equilibrated in 30% sucrose overnight followed by washing in PBS three times, and then embedded in optical cutting technology freezing medium and fast frozen. Sections were cut on Leica CM1950 cryostat (Leica, Germany) at 10 μm thickness and collected on the gelatin-coated slides.

Immunofluorescence assay was performed as previously described (Liu et al., 2015). The primary antibodies were as follows: MUNC18-1 (1:50, mouse monoclonal antibody, BD Biosciences, Canada), Syntaxin 3 (1:100, rabbit polyclonal antibody, Abcam, United Kingdom), FLAG (1:500, mouse monoclonal antibody, MBL, Japan).



Mice

This study was conducted using adult C57BL/6J mice. All animal procedures were approved by Institutional Animal Care and Use Committee at Huazhong University of Science and Technology.



Worm Assays

N2 (wild-type), CB81 [unc-18 (e81)], CB234 [unc-18 (e234)], NM204 [snt-1 (md290)] and VC223 [tom-1 (ok285)] strains were obtained from the Caenorhabditis Genetics Center (CGC, United States). All the worms were cultured at 22°C as described previously (Brenner, 1974).

Transgenic worms were generated according to the standard microinjection procedures (Mello et al., 1991). Human STXBP1 cDNA and C. elegans unc-18 cDNA were cloned into pPD95.75 vector which contains a 2.0 kb promoter of snb-1 gene and a GFP tag. In co-expression experiments, wild-type human STXBP1 protein was fused with the GFP tag, while the p.His16Arg mutant STXBP1 protein was fused with the RFP tag. Expressing vectors were injected at 50 ng/μl together with Plin44::GFP (5 ng/μl) as a co-injection marker. Worms which showed green fluorescence in the neurons and tail (Plin44::GFP) were selected and bred into a non-integrated line. In wild-type and p.His16Arg mutant STXBP1 co-expressing worms, only worms which showed both green and red fluorescence in the neurons were selected. At least five independent non-integrated lines were examined for rescue experiments.

Locomotion behavioral assay was performed as follows. Young adult nematodes were placed on nematode growth medium (NGM) plates contain OP50 E. coli lawn. The animals were allowed to rest and adapt to the new NGM plates for 10–15 min before recording. One-minute locomotion of worms was screened under a Zeiss Discovery V8 stereomicroscope (Carl Zeiss MicroImaging Gmbh, Germany), and the image sequences were captured with an Andor iXonEM + DV885K EMCCD camera (Andor, United Kingdom). The average movement rate (pix/s) were analyzed and calculated with Multi-Worm Tracker software (Swierczek et al., 2011).

Aldicarb stimulation assay was performed as follows. Aldicarb (Sigma Aldrich, United States) was dissolved in 70% ethanol to prepare 100 mM aldicarb stock solution and stored in −20°C. The 0.5 mM aldicarb NGM plates were prepared fresh two days before each experiment for appropriate moisture. Control and rescue lines were examined simultaneously under the same condition. Young adult worms were transferred to the 0.5 mM aldicarb NGM plates seeded with OP50 E. coli lawn. Worms were considered paralyzed if they failed to response to the stab of a platinum filament thrice. About 25 worms were picked up to aldicarb containing NGM plates in each individual assay, and the percentage of moving animals was measured every 15 min. The aldicarb stimulation assay was carried out double-blindedly, and was performed by one person for consistent standard of paralyzed worms.



Bioinformatics

The human homolog of mouse syntaxin 3B was searched by ensembl BLAST/BLAT search tool2. Protein sequences were aligned with Clustalw2 software3. The mouse and human syntaxin 3B protein’s sequences were aligned and displayed by using the Boxshade program4.



Statistical Analyses

All data are represented as the mean ± standard deviation (SD). Comparison of means was performed using SPSS v22 for Windows (IBM, United States) evaluated using unpaired two-tailed t-test. The asterisk indicates statistical significance (∗ means p < 0.05, ∗∗ means p < 0.01, ∗∗∗ means p < 0.001).



RESULTS


Clinical Characterization of the Patients With AD-CN

The proband (Figure 1A, IV-10) was a 30-year-old male patient who suffered from conjugated pendular nystagmus (Supplementary Video S1) accompanied with astigmatism and amblyopia. The nystagmus was intensified when he gazed at objects or followed with eye fatigue, and was diminished when he closed his eyes. His visual acuity of the right eye and left eye was 20/200 and 20/100, respectively. The ocular fundus revealed normal appearance of the optic nerve heads, blood vessel arrangement and retina pigmentation (Figure 1B). The well-formed fovea was shown by OCT (Figure 1C). The vestibular function of the proband was normal, with no photophobia, night blindness, color blindness or neurological symptoms observed (data not shown). Binocular flash electroretinograms (fERG) revealed that b wave is ahead with lower amplitude (Figure 1D). Pattern visual evoked potential (PVEP) showed delayed latency with low amplitude of P100 wave in the right optic nerve and shortened latency with low amplitude of P100 wave in the left optic nerve (Figure 1E).
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FIGURE 1. Pedigree structure, clinical characteristics of the index case, genotypic analysis, diagram of chromosome 9, identification of STXBP1 variant and RFLP analysis of the AD-CN family. (A) The pedigree structure and microsatellite haplotype analysis of the Chinese family with AD-CN. Individuals with CN are indicated by solid squares (males) or solid circles (females). Unaffected individuals are indicated by open symbols. Deceased individuals are indicated by slashes (/). The proband is indicated by an arrow. The disease haplotype is shown in black vertical bar; the variants of eight microsatellite markers (D9S1872, D9S1116, D9S1823, D9S1862, D9S290, D9S752, D9S1831, and D9S1861) are co-segregated with the clinical manifestation in the family. (B,C) Normal fundus (B) and normal foveal (C) of the proband. (D) The flash electroretinogram (fERG) of the proband. Both eyes show shortened latency and decreased amplitude of b-wave. The b-wave latency of right eye and left eye are 18.5 ms and 41.0 ms, respectively. The amplitudes of b-wave of right eye and left eye are 52.25 μV and 71.29 μV, respectively. (E) The pattern visual evoked potential (PVEP) of the proband. The amplitude of P100 wave in both eyes was decreased. The right eye shows a delayed latency of P100 wave, while the left eye shows a shortened latency of P100 wave. The amplitudes of P100 wave of right eye and left eye are 7.71 μV and 13.24 μV, respectively. The latency of P100 wave of right eye and left eye are 154 ms and 78.5 ms, respectively. (F) The linkage interval and flanking microsatellite markers are indicated. (G) DNA sequencing chromatograms show the heterozygous variant in STXBP1 identified in this study. (H) The NsiI restriction analysis showing full segregation of the c.47A>G variant with the disease phenotype in the family.


Patient III-4 suffered from rotary nystagmus (Supplementary Video S2), and his visual acuity was 20/100 in both eyes. Patient III-6 showed horizontals jerk nystagmus (Supplementary Video S3) with orbicularis oculi muscle spasm, and patient III-8 had jerk horizontal nystagmus (Supplementary Video S4) with astigmatism and poor binocular visual acuity. Both eyes of patient IV-8 exhibited major jerk nystagmus (Supplementary Video S5) with restricted abduction of the right eye, and the visual acuity of both eyes were 20/200. Patient IV-14 displayed mixed pattern nystagmus (Supplementary Video S6) with low amplitude, poor binocular visual acuity and astigmatism. Patient V-3 exhibited pendular nystagmus (Supplementary Video S7) and poor binocular visual acuity. No patient showed progressive visual loss or aggravated oscillation of the eyes in the family, and no other ophthalmological or neurological abnormalities were observed.



Mapping of a Novel Genetic Locus for AD-CN on Chromosome 9q33.1-q34.2

At present, four genetic loci of AD-CN (6p12, 7p11.2, 13q31-q33, and 1q31.3-q32.1) have been reported. We therefore firstly genotyped the Chinese AD-CN family with twenty-one markers flanking above known AD-CN genetic loci. Linkage analysis showed negative LOD (log of the odds ratio) scores at a recombination fraction of zero for all twenty-one markers (data not shown), thus excluded the four known AD-CN loci. Recently, pathogenic variants of MANBA associated with AD-CN have been reported (Yu et al., 2015), so we performed direct sequencing analysis of MANBA gene in the proband, but no pathogenic variant was found.

To identify the pathogenic gene responsible for the Chinese family with AD-CN, we next undertook a genome-wide linkage scan with microsatellite markers in the family (including 8 patients and 15 unaffected individuals) as well as follow-up fine mapping. Our results showed a positive linkage with markers (D9S1872, D9S1116, D9S1823, D9S1682, D9S290, D9S752, D9S1831, and D9S1861) on chromosome 9 (Figure 1A). The LOD scores for the markers in chromosome 9 are shown in Supplementary Table S1. Patients IV-4 and V-3 displayed recombination events between markers D9S1776 and D9S1872. Patients IV-4, V-3 and normal individual IV-12 showed recombination events between markers D9S1861 and D9S164. Four markers (D9S1872, D9S1116, D9S290, and D9S752) generated LOD scores greater than 3, the cut-off LOD score for significant linkage. These results suggest that the gene responsible for AD-CN in this family lies between D9S1776 and D9S164 on chromosome 9q33.1-q34.2, a genomic region of 18.3 Mb (Figure 1F).



Identification of a Novel Variant c.47A>G/p.His16Arg of STXBP1 Responsible for AD-CN

The mapped interval spans 18.3 Mb and contains 202 protein-coding genes. Three genes involved in neural development and regulation of neural activity, LHX2 (OMIM 603759), LHX6 (OMIM 608215) and FREQ (OMIM 603315), were directly sequenced in the proband but failed to identify a pathogenic variant responsible for CN. To identify the pathogenic variants, genomic DNA from the proband was sent to BGI Genomics for exome sequencing. The summary of exome sequencing data is shown in Supplementary Table S4. Non-synonymous, splicing and indel variants with a minor allele frequency no more than 0.01 were filtered against dbSNP and gnomAD databases to exclude polymorphisms. Direct Sanger sequencing was performed on the exons of low coverage in the linked region (Supplementary Table S5), and the variants detected in the interval are listed in Supplementary Table S6.

After detailed analysis of all variants within the linked interval, a variant (c.47A > G) in STXBP1 was identified (Figure 1G). This variant is predicted to result in a histidine to arginine substitution at amino acid residue 16 (p.His16Arg) located in domain 1 of STXBP1 (Supplementary Figure S1A). PCR-RFLP assay revealed that this variant fully segregated with the nystagmus phenotype in the family (Figure 1H), but was not found in 571 unrelated healthy Chinese Han individuals (data not shown). It is noteworthy that the variant c.47A>G is a polymorphism (rs571127140) in dbSNP database. Further analysis showed that such a polymorphism arises from Genome Aggregation Database (gnomAD), and its allele frequency is 1/251,356 in the database. The variation carrier came from the Human Genome Diversity Panel (HGDP), an anonymous collection of globally diverse DNA samples gathered many years ago (personal communication with the variation submitter), which cannot be traced at present, and it is impossible to ascertain whether the variation carrier was affected by CN. The p.His16Arg variant was predicted to be deleterious by MutationTaster (score at 29) and CADD (score at 23.2), demonstrating an evolutionally conserved His16 residue of MUNC18-1 from Xenopus tropicalis to Homo sapiens (Supplementary Figure S1B).



The Variant p.His16Arg of MUNC18-1 Impairs Neurotransmitter Release in C. elegans

STXBP1 encodes the syntaxin binding protein 1 MUNC18-1, pathogenic variants of which has been reported to be associated with EIEE4 (Saitsu et al., 2008). MUNC18-1 plays a pivotal role in soluble N-ethyl maleimide sensitive-factor attachment protein receptors attachment protein receptor (SNARE) complex assembly and synaptic transmission (Sudhof and Rizo, 2011; Ma et al., 2013). To analyze whether p.His16Arg affects the function of MUNC18-1 in neurotransmitter release (especially the excitatory neurotransmitter acetylcholine at neuromuscular junction), we set out to test this using C. elegans as a model organism, as there are high sequence conservation and functional homology between C. elegans UNC-18 and human MUNC18-1 (hMUNC18-1) proteins (The human MUNC18-1 protein shared an identity of 59% and a positivity of 75% with the C. elegans UNC-18 protein, while the corresponding position of human MUNC18-1 protein His16 residue in C. elegans UNC-18 protein is Asn13, which were showed in Supplementary Figure S2), and as that simple behavioral assays of C. elegans have facilitated the research of proteins involved in synaptic function (Gengyo-Ando et al., 1996). Our data revealed that the unc-18 deficient worms exhibit severe uncoordination (Figures 2A,B,G), which is similar to the previous report (Weimer et al., 2003). e81 worms expressing the C. elegans autologous unc-18 showed similar locomotion rate as wild-type (N2) worms (Figure 2A,C,G), demonstrating a reliable approach. Both hMUNC18-1 WT and p.His16Arg mutant can partially rescue the locomotion defect of e81 null worms, but the e81 worms which expressing p.His16Arg mutant showed a weaker locomotion than those expressing WT (Figures 2B,D,E,G). We also conducted the locomotion assays in e81 worms co-expressing wild-type hMUNC18-1 and p.His16Arg mutant at a 1:1 ratio. These worms exhibited a similar motor ability as e81 worms expressing only the wild-type hMUNC18-1 (Figures 2D,F,G). The movements of individual worm in each strain (including N2, e81, e81 + unc-18, e81 + hMUNC18-1-WT, e81 + hMUNC18-1-H16R and e81 + hMUNC18-1-WT + hMUNC18-1-H16R) were recorded as shown in Supplementary Videos S8–13. Similar results were found in e234 worms rescued by MUNC18-1 WT and p.His16Arg mutant (Supplementary Figures S3A–E). These findings suggest a potential effect of p.His16Arg mutant on synaptic function.
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FIGURE 2. Human MUNC18-1 transgenic unc-18 (e81) C. elegans altered their locomotion and aldicarb resistance. (A–F) The locomotion trail of wild-type (A), unc-18 (e81) (B), e81 + unc-18 (C), e81 + hMUNC18-1-WT (D), e81 + hMUNC18-1-H16R (E) and e81 + hMUNC18-1-WT + hMUNC18-1-H16R (F) worms on NGM plate in 1 min. The traces of worms’ locomotion in 1 min are outlined in red, start and end represent the start and end position of individual worm in 1-min recording, respectively. (G) The average locomotion rate (μm/sec) of wild-type (n = 16), unc-18 (e81) (n = 15), e81 + unc-18 (n = 17), e81 + hMUNC18-1-WT (n = 33), e81 + hMUNC18-1-H16R (n = 35), and e81 + hMUNC18-1-WT + hMUNC18-1-H16R (n = 19) strains. * means p < 0.05, ** means p < 0.01, *** means p < 0.001. (H) The paralysis time-course of unc-18 (e81), e81 + unc-18, e81 + hMUNC18-1-WT, e81 + hMUNC18-1-H16R and e81 + hMUNC18-1-WT + hMUNC18-1-H16R worms on NGM plate containing 0.5 mM aldicarb (n = 3 repeats). tom-1 (ok285) strain and snt-1 (md290) strain are used as hypersensitivity control and super-resistance control, respectively. (I) The survival ratio of 7 worm strains on NGM plate containing 0.5 mM aldicarb at 180 min (n = 3 repeats), ** means p < 0.01, *** means p < 0.001.


Exposing worms to aldicarb (acetylcholinesterase inhibitor) causes paralysis, due to the inability to turn off acetylcholine signaling at the neuromuscular junction which leads to hypercontraction (Mahoney et al., 2006). The hMUNC18-1 WT transgenic worms showed higher aldicarb sensitivity than p.His16Arg mutant expressing worms at 180 min (Figures 2H,I). e81 worms co-expressing wild-type and p.His16Arg hMUNC18-1 showed no obvious difference on aldicarb resistance compared to e81 worms expressing only the wild-type hMUNC18-1 (Figures 2H,I). Moreover, we obtained similar results when using e234 worms. The only difference is that the p.His16Arg mutant transgenic e234 worms have no obviously enhanced aldicarb sensitivity compared with e234 worms (Supplementary Figures S3F,G). These data suggested that the p.His16Arg mutant might cause a decrease in the total amounts of acetylcholine release in C. elegans.

By q-PCR and Western blot assays, we observed hMUNC18-1 WT and p.His16Arg mutant exhibited similar expression levels of mRNA and protein in transgenic e81 worms (Figures 3A–C), suggesting that the different ability to rescue locomotion defect and aldicarb resistance in e81 worms are unrelated to hMUNC18-1 expression level.


[image: image]

FIGURE 3. The MUNC18-1 p.His16Arg mutant shows altered interaction with human and mouse syntaxin 3. (A) Wild-type and p.His16Arg mutant hMUNC18-1 transgenic e81 worms show similar hMUNC18-1 mRNA expression levels detected by RT-qPCR (n = 3, p = 0.27). (B,C) Western blot demonstrates similar levels of WT and p.His16Arg mutant hMUNC18-1-GFP fusion protein in transgenic e81 worms (n = 3, p = 0.219). (D,E) Co-immunoprecipitation assay of FLAG-tagged WT and mutant MUNC18-1 with GFP-fused UNC-64, p.His16Arg mutant protein shows slight enhanced binding of to UNC-64 compared with WT (n = 5, p = 0.0537). The data are represented as the mean ± SD. Statistical significance was evaluated using two-tailed t-test. (F,G) GST pull-down assay of GST-tagged wild-type and mutant MUNC18-1 with the FLAG-tagged human STX3B. The p.His16Arg mutant exhibits obviously enhanced affinity for STX3B compared with WT, while the p.C180Y mutant shows similar affinity compared with WT. The experiments were repeated 3 times independently, * means p < 0.05. (H,I) GFP tagged wild-type and p.His16Arg mutant MUNC18-1 were co-transfected into HeLa cells with FLAG-tagged human STX3B. Cell extracts were immunoprecipitated with anti-GFP antibody and analyzed by immunoblotting with anti-FLAG antibody. The p.His16Arg mutant shows overt intensive interaction with human STX3B compared with WT. The assays were repeated 3 times independently, * means p < 0.05. (J,L) GST pull-down assay of GST-tagged mouse WT and mutant Munc18-1 with the FLAG-tagged mouse Stx3B or endogenous Stx3 (mouse retina extracts). (K,M) Quantitative analysis of the interaction between GST-Munc18-1 and FLAG-Stx3B or endogenous Stx3 based on the data shown in (J,L), respectively, * means p < 0.05. (N,O) GST pull-down assays show that p.R292C mutant which cause EIEE4 associated with nystagmus exhibits decreased binding affinity to the FLAG-STX3B fusion protein compared to wild-type MUNC18-1, the assays were repeated 3 times independently, * means p < 0.05.


To elucidate the potential molecular mechanism by which p.His16Arg mutant affects the acetylcholine release at neuromuscular junction in worms, we next explored whether this mutant alters the interaction with UNC-64 (the C. elegans homolog of human syntaxin), as the change of binding affinity between UNC-18 and UNC-64 often impacts neuronal exocytosis in C. elegans. Interestingly, co-immunoprecipitation assay showed a slightly enhanced interaction of MUNC18-1 p.His16Arg with UNC-64 in comparison with WT (Figures 3D,E). Based on these findings, we speculate that p.His16Arg compromises the ability of MUNC18-1 to rescue the defects of locomotion and neurotransmitter release in C. elegans due to its slightly enhanced interaction with UNC-64.



The Variant p.His16Arg of MUNC18-1 Enhances the Interaction With Syntaxin 3B but Not Syntaxin 1A

Since there is a slightly enhanced interaction of MUNC18-1 p.His16Arg with UNC-64, we are interested in knowing whether this mutant affects the interaction with syntaxin 1A (encoded by STX1A, OMIM 186590), because it will help us to determine whether p.His16Arg mutant exerts an effect on synaptic vesicle secretion in mammalian cells (Han et al., 2011). The result showed that the p.His16Arg mutant does not affect interaction with the ‘closed’ or ‘open’ STX1A (Supplementary Figures S4A–H). We used the p.Cys180Tyr of MUNC18-1 (a pathogenic variant resulting in EIEE4) as a control and found that it showed a weak affinity to bind with the open form of STX1A (Supplementary Figures S4A,B,E,F), which is consistent with a previous report (Saitsu et al., 2008).

The attenuated amplitudes of b-wave of fERG and P100 wave of PVEP of the proband suggests a defect of neuronal signal transduction in the retina, therefore we focus on anther protein, syntaxin 3B (encoded by STX3), validated as the specific SNARE molecule responsible for the exocytosis of synaptic vesicles at ribbon synapses of the rodent and goldfish retina (Curtis et al., 2010). Since the research into the human homolog of mouse syntaxin 3B has not been reported, we first aligned the mouse Stx3B to human protein database and identified an alternative transcript of human syntaxin 3 (STX3B) with 99% identity (only three amino acids difference) to mouse Stx3B (Supplementary Figure S5). Unexpectedly, we observed an enhanced interaction between the p.His16Arg mutant and STX3B, whereas the p.C180Y mutant showed no effect on this interaction (Figures 3F–I). Likewise, we observed similar results by using mouse Munc18-1 (WT and p.His16Arg mutant) and Stx3B (Figures 3J–M). Furthermore, we observed significant signals of co-localization of Munc18-1 and Stx3B within the outer plexiform layer (OPL) where ribbon synapses exist, as well as within the inner plexiform layer (IPL) (Supplementary Figure S6).

Interestingly, Stamberger et al have reported a mutation c.874C>T/p.Arg292Cys of STXBP1 to be associated with EIEE4 and rotatory nystagmus (Stamberger et al., 2016). We found that the p.Arg292Cys mutant significantly reduced the binding of MUNC18-1 to syntaxin 3B (Figures 3N,O) by GST pull-down assay. Collectively, these findings suggest that the altered interaction between MUNC18-1 and syntaxin 3B may be linked to CN.



DISCUSSION

In this study, we mapped a novel AD-CN genetic locus on 9q33.1-q34.2 in a five-generation Chinese family and identified a variant (c.47A>G/p.His16Arg) of STXBP1 within this locus. In vitro function analysis showed that an obviously enhanced binding of the p.His16Arg mutant to syntaxin 3B, which is a homolog of syntaxin 1A and predominantly expressed in vertebrate retina. In vivo, the p.His16Arg mutant exhibits a reduced ability to rescue the locomotion defect and aldicarb sensitivity in unc-18 (nematode homolog of STXBP1) null C. elegans.

STXBP1 (MUNC18-1) plays a pivotal role in synaptic vesicle exocytosis and neurotransmitter release (Ma et al., 2013). Pathogenic variants of STXBP1 have been associated with EIEE4 (also known as Ohtahara syndrome), which is manifested as intractable epilepsy, severe developmental delay and mental retardation (Saitsu et al., 2008; Allen et al., 2016), while nystagmus was noted in a few cases (Stamberger et al., 2016). STXBP1 heterozygous knockout neurons demonstrated reduced synaptic vesicle release due to haploinsufficiency of STXBP1 (Patzke et al., 2015). To determine whether this variant has effects on neurotransmitter release, we use C. elegans as a model to explore this issue, but the genome-edited knock-in worm cannot be generated due to the low homology at the N-terminal region between STXBP1 and UNC-18 protein. Given the unc-18 null worms showing uncoordinated locomotion and strong resistance to aldicarb due to the severe synaptic transmission defects (particularly the decreased acetylcholine release) (Weimer et al., 2003), our findings that p.His16Arg could weaken the ability of MUNC18-1 to restore locomotion and sensibility to aldicarb of the unc-18 null worms suggests a compromised function of this mutant in neurotransmitter release, in particular the mutant might decrease acetylcholine release at neuromuscular junction of C. elegans (Figures 2A–I and Supplementary Figures S3A–G). The homologous protein of human syntaxin 1A in C. elegans is UNC-64, which is the main target protein of UNC-18, and UNC-18 regulates C. elegans neurotransmitter secretion mainly through interacting with UNC-64 (Ogawa et al., 1998). Besides, the interaction between UNC-18 and UNC-13 or RAB-3 also participates in the regulation of neurotransmitter secretion (Sassa et al., 1999; Johnson et al., 2013). We tested the interaction between STXBP1 and UNC-64 and found that the p.His16Arg mutation slightly enhanced the interaction between STXBP1 and UNC-64 (Figures 3D,E). We speculate that there may be other mechanisms leading to the altered neurotransmitter secretion between wild-type and p.His16Arg mutant transgenic e81 worms, which may involve the interaction with UNC-13 or RAB-3. In addition, the results of nematode behavioral assays using worms that co-express WT and p.His16Arg mutant hMUNC18-1 suggest that the p.His16Arg mutation most likely exerts effect via haploinsufficiency rather than a dominant-negative manner (Figures 2D,F-I). It has been reported that the impaired interactions between MUNC18-1 and STX1A inhibit vesicle docking and membrane fusion at conventional synapses (Han et al., 2011; Martin et al., 2014). Previous research (Saitsu et al., 2008) had reported that some EIEE4-causing pathogenic variants of MUNC18-1 impair the ability of the protein to bind to the open form of STX1A rather than the closed form. In our study, the p.His16Arg mutant has little effect on the interaction with either closed or open form of STX1A (Supplementary Figures S4A–H), and this helps to explain why all the affected individuals have no other neurological dysfunction such as epilepsy.

The proband showed reduced amplitudes of b-wave of fERG and P100 wave of PVEP (Figures 1D,E), suggesting an impaired neural transduction in the retina, which was consistent with the decreased acetylcholine release at the neuromuscular junction of C. elegans (Figures 2A–I and Supplementary Figures S3A–G). There is a specialized type of synapse in photoreceptors and bipolar cells of vertebrate retina, which is known as ribbon synapse (Morgans, 2000). Unlike conventional synapses, the retinal ribbon synapses secrete neurotransmitters continuously, and the mechanism of neurotransmitter release in retinal ribbon synapses differ from that at conventional synapses (Morgans, 2000; Curtis et al., 2010). At conventional synapses, the core SNARE complexes including synaptic vesicle protein synaptobrevin 2/VAMP2, syntaxin 1 and SNAP-25 (Sudhof and Rizo, 2011), while at ribbon synapses, the core SNARE complexes contain syntaxin 3B instead of syntaxin 1A (Curtis et al., 2008, 2010). Recent researches showed that syntaxin 3B is predominantly expressed in the retina and plays a key role in ribbon synaptic vesicle exocytosis (Curtis et al., 2010). Furthermore, pathogenic variant in STX3 (syntaxin 3) has been demonstrated to be associated with MVID and nystagmus (Julia et al., 2019), suggesting an important role of syntaxin3 in eye movement control, but detailed mechanism is still elusive. Syntaxin 3 has two major splice isoforms, syntaxin 3A (STX3A) and syntaxin 3B (STX3B) (Curtis et al., 2008). Syntaxin 3A was strongly expressed in the kidney but weakly expressed in the retina and brain, while syntaxin 3B showed strong signal in the retina, but weak signal in the cerebrum and cerebellum, and no signal in the kidney. Previous studies showed that syntaxin 3B is the major isoform of syntaxin 3 in the retina (Curtis et al., 2008, 2010), Interestingly, we found a significantly increased affinity of the binding of p.His16Arg mutant to syntaxin 3B (Figures 3F–M) and observed a significant co-localization of Munc18-1 and syntaxin 3B in mouse OPL and IPL (Supplementary Figure S6). Notably, a MUNC18-1 mutant p.R292C associated with EIEE4 and rotatory nystagmus (Stamberger et al., 2016) showed reduced interaction between MUNC18-1 and STX3B (Figures 3N,O). Based on the above, we speculate that the defect in retinal signal transduction may reflect the altered interaction between MUNC18-1 and syntaxin 3B, and this defect results in CN eventually. Further studies will be required to explore the effects of disrupted binding of MUNC18-1 to syntaxin 3B on the assembly of SNARE complexes and neurotransmitters secretion.

Given that the disrupted interaction between p.His16Arg mutant and syntaxin 3B may contribute to the impaired neurotransmission in retina, how the retinal defect in signal transduction causes congenital nystagmus? In fact, a large proportion of cases with congenital nystagmus is associated with various ophthalmology diseases, most of which are attributable to defects in visual signal transduction, such as achromatopsia (Trankner et al., 2004) and congenital amaurosis (Koenekoop, 2004), particularly the nystagmus in patients with congenital stationary night blindness was demonstrated to derive from abnormal nerve conduction in retina (Winkelman et al., 2019). In a previous study, our team also found that the FRMD7 associated CN is most likely caused by abnormal GABAergic synaptic transmission in the retina (Jiang et al., 2020). The impairment of visual transmission at infancy will impair early visual experience. It has been proposed that CN is a developmental process in which abnormal infant visual experience causes an adaptive oculomotor response that leads to nystagmus during a sensitive period of sensorimotor integration (Harris and Berry, 2006; Thomas et al., 2014). Therefore, we propose that, for the patients in this family, the impaired visual transduction since early infancy may cause abnormal visual experience that eventually results in sensorimotor integration defect and the development of nystagmus.

In summary, we identified a novel genetic locus for the AD-CN and demonstrated that the variant c.47A>G/p.His16Arg of STXBP1/MUNC18-1 affects neurotransmitter release in C. elegans and alters the interaction with syntaxin 3B. We propose that the altered interaction between MUNC18-1 and syntaxin 3B may impair neurotransmitter release at ribbon synapses, eventually leading to the abnormal retinal neurotransmission and nystagmus. Our results provide insights into the role of MUNC18-1-syntaxin 3B interaction in retinal function, and propose retina synaptic transmission as a novel target for treating these eye movement disorders.
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Formation of the trans-SNARE complex is believed to generate a force transfer to the membranes to promote membrane fusion, but the underlying mechanism remains elusive. In this study, we show that helix-breaking and/or length-increasing insertions in the juxtamembrane linker region of synaptobrevin-2 exert diverse effects on liposome fusion, in a manner dependent on the insertion position relative to the two conserved tryptophan residues (W89/W90). Helical extension of synaptobrevin-2 to W89/W90 is a prerequisite for initiating membrane merger. The transmembrane region of synaptobrevin-2 enables proper localization of W89/W90 at the membrane interface to gate force transfer. Besides, our data indicate that the SNARE regulatory components Munc18-1 and Munc13-1 impose liposome fusion strong demand on tight coupling between the SNARE motif and the transmembrane region of synaptobrevin-2.
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INTRODUCTION

Neurotransmitter release mediated by synaptic exocytosis requires the fusion of synaptic vesicles with the plasma membrane of nerve cells. To accomplish fusion, membranes must overcome the energy barriers created by charge repulsing, local dehydration of polar phospholipid headgroups and membrane deformation. In synaptic exocytosis, the synaptic vesicle SNARE protein synaptobrevin-2 (R-SNARE) assembles with the plasma membrane SNARE proteins SNAP-25 and syntaxin-1 (both referred to as Q-SNAREs) to form the SNARE complex to catalyze the fusion of the two membranes (Südhof and Rizo, 2011; Jahn and Fasshauer, 2012; Han et al., 2017). In addition, a number of accessory proteins are required for the exquisite regulation of SNARE complex formation and SNARE-mediated membrane fusion (Rizo and Xu, 2015; Brunger et al., 2019).

SNARE complex assembly is characterized by the formation of a parallel four-helix bundle composed of four SNARE motifs, with synaptobrevin-2 and syntaxin-1 each contributing one motif whereas SNAP-25 contributes two (Fasshauer et al., 1998; Sutton et al., 1998). In synaptobrevin-2 and syntaxin-1, the SNARE motif is connected by juxtamembrane linker region (JLR) to C-terminal transmembrane region (TMR) that anchor at the vesicles and the plasma membrane, respectively. SNAP-25 is anchored to the plasma membrane by palmitoyl chains bound to cysteine residues in a loop region connecting its two SNARE motifs. The assembly of a “trans” four-helix bundle upon an N- to C-zippering mode releases energy to bring the membranes into close proximity (Chen and Scheller, 2001; Jahn et al., 2003; Sørensen et al., 2006). Subsequent assembly proceeding over the JLR and TMR of synaptobrevin-2 and syntaxin-1 is believed to transmit the energy into the membrane interface, leading to a conversion from the “trans” complex into a “cis” complex in which the two TMRs are aligned in parallel in the same membrane (Han et al., 2017). This configuration transition is assumed to be functional at the final stage of exocytosis by facilitating membrane deformation and expansion of the fusion pore.

A variety of SNARE-based reconstitution experiments in vitro have demonstrated that efficient membrane fusion requires the SNARE motifs to support “trans” complex assembly, and the JLRs and TMRs to drive “cis” complex formation (Han et al., 2017). A solved crystal structure of the neuronal SNARE complex showed that assembly proceeds over the SNARE four-helix bundle, resulting in a continuous helical bundle extending to the end of the JLRs and TMRs (Stein et al., 2009). This study suggests a helical continuity model in which membrane fusion requires assembly of the SNARE complex all the way into the membranes. Although this model appears to be structurally and energetically attractive, a number of studies have challenged the model. For instance, helix-breaking mutations in the JLRs had little influence on fusion in vitro (Mcnew et al., 1999; Van Komen et al., 2005; Pieren et al., 2015) Similarly, a synaptobrevin-2 mutant carrying two helix-disrupting proline residues in the JLR enabled a nearly complete rescue of fusion in chromaffin cells (Kesavan et al., 2007). These results challenged the notion that the helical continuity model underlies the common nature of the general fusion mechanism. On the other hand, increasing length and flexibility of the JLRs by amino acid insertions gradually decrease fusion efficiency but does not eliminate fusion in vitro (Mcnew et al., 1999). Strikingly, synaptobrevin-2 with a 12-residue insertion or syntaxin-1 with a 7-residue insertion in the JLR was found to completely restore spontaneous release in cultured neurons (Deak et al., 2006; Zhou et al., 2013). Despite such mild effect on spontaneous fusion, synaptobrevin-2 or syntaxin-1 with a 3-residue (or 4-residue) insertion in the JLR were observed to dramatically reduce the RRP size and Ca2+-evoked exocytosis in cultured neuronal and chromaffin cells (Kesavan et al., 2007; Guzman et al., 2010; Borisovska et al., 2012; Zhou et al., 2013). These data suggest that evoked fusion but not spontaneous fusion requires an extremely tight coupling between the SNARE motifs and the TMRs.

Although early studies have established the essential role of the TMRs in membrane fusion (Giraudo et al., 2005; Hofmann et al., 2006; Chang et al., 2016; Dhara et al., 2016; Chiang et al., 2018), this issue has become controversial. Previous work on yeast vacuolar fusion found that lipid-anchored R-SNARE Nyv1p, which lacks the TMR, supports fusion in the presence of the HOPS tethering complex that includes the Sec1/Munc18 (SM) protein Vps33p (Xu et al., 2011). Similarly, a more recent study on lytic granule exocytosis indicated that the SM protein Munc18-2 can assist lipid-anchored syntaxin-11 (without the TMR) to drive complete membrane fusion (Spessott et al., 2017). Consistent with these observations, it was found that lipid-anchored SNAREs (sytnaxin-1 and synaptobrevin-2) without the TMRs can totally rescue spontaneous and partially rescue Ca2+-evoked release in neurons (Zhou et al., 2013). The dispensable role of the TMR in these studies challenged the helical continuity model, raising a possibility that SNARE complex assembly may be sufficient to destabilize the phospholipid membrane and induce full fusion, in a manner upon forcing the two opposing membrane into close proximity but without a need for the TMR. In this scenario, the contribution of the SNARE regulatory components (e.g., SM proteins and tethering factors that regulate SNARE complex assembly) in facilitating this process has been unclear and need to be investigated.

Indeed, in synaptic exocytosis, SNARE-mediated membrane fusion is highly regulated by the SM protein Munc18-1 and the tethering-related protein Munc13s (Rizo and Xu, 2015; Brunger et al., 2019). A wealth of evidence revealed that Munc18-1 and Munc13s cooperate to promote fusion via chaperoning proper SNARE assembly (Ma et al., 2013; Lai et al., 2017; Wang et al., 2019) and via protecting the assembled SNARE complex against NSF/α-SNAP disassembly (Ma et al., 2013; He et al., 2017; Jakhanwal et al., 2017). Besides, Munc18-1 and Munc13s have been reported to associate with the membranes via their intrinsic membrane-binding sites independent of the existence of the SNAREs (Xu et al., 2011; Quade et al., 2019). Despite these findings, it remains unclear whether Munc18-1 and Munc13s could act as force generators that exert direct force to induce membrane deformation and fusion, in addition to their regulatory role in SNARE complex assembly.

Here, we have systematically investigated the roles of the synaptobrevin-2 JLR and TMR in membrane fusion using in-vitro reconstitution systems with and without Munc18-1 and Munc13-1. Our data showed that helical extension of synaptobrevin-2 to the two consecutive tryptophan residues (W89/W90) in the JLR is absolutely required for initiating membrane merger, and helical extension beyond W89/W90 is crucial for complete membrane fusion. Membrane-embedded TMR directs W89/W90 to position at the membrane-water interface, enabling W89/W90 to gate force transfer as a fusion barrier. Besides, our data indicate that Munc18-1 and Munc13-1 impose liposome fusion strong demand on tight coupling between the SNARE motifs and the TMR.



RESULTS


Fusion Affected by Disrupting Helical Continuity of Synaptobrevin-2

The JLR of synaptobrevin-2 contains two consecutive tryptophan residues (W89/W90), which are proposed to localize at the membrane-water interface and serve as a fusion barrier (Chen et al., 2004; Borisovska et al., 2012). Earlier studies showed that mutation or insertion of two helix-breaking proline residues in the JLR of synaptobrevin-2 has little effect on membrane fusion and exocytosis (Mcnew et al., 1999; Van Komen et al., 2005), at odds with the helical continuity model (Stein et al., 2009). However, it is noteworthy that these mutations or insertions were placed downstream of W89/W90, leading us to doubt whether insertion of helix-breaking residues upstream of W89/W90 would exert more strong effect. Hence, we placed two proline residues symmetrically on either side of W89/W90, i.e., (K85-PP) and (L93-PP), respectively (Figure 1A), and examined their effects on membrane fusion.
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FIGURE 1. Fusion affected by disrupting helical continuity of the synaptobrevin-2. (A) Domain structure of full length wild-type synaptobrevin-2 (WT) and its mutants with two-proline insertions after K85 (K85-PP) or L93 (L93-PP) in the JLR. (B,C) Scheme of lipid mixing (B) and content mixing assay (C) between syntaxin-1/SNAP-25 and synaptobrevin-2 liposomes in the presence of C2AB fragment and 1 mM Ca2+. Note that the syntaxin-1 SNARE motif (H3, residues 183–288) was used here to form the syntaxin-1/SNAP-25 complex. (D,E) Lipid (D) and content mixing (E) of synaptobrevin-2 WT, K85-PP, and L93-PP liposomes with syntaxin-1/SNAP-25 liposomes. (F,G) Scheme of lipid mixing (F) and content mixing assay (G) between Munc18-1/syntaxin-1 (full length, residues 1–288) and synaptobrevin-2 liposomes in the presence of the Munc13-1 C1-C2B-MUN fragment, SNAP-25, C2AB fragment, and 1 mM Ca2+. (H,I) Lipid (H) and content mixing (I) of synaptobrevin-2 WT, K85-PP, and L93-PP liposomes with Munc18-1/syntaxin-1 liposomes. Representative traces came from one of three independent experiments. Bars on the right panel in (D,E,H,I) are means ± SDs, n = 3.


First, we assayed fusion between liposomes harboring the syntaxin-1/SNAP-25 complex and liposomes bearing synaptobrevin-2 (wild type, WT) or its two mutations (K85-PP and L93-PP). Co-flotation assay confirmed that synaptobrevin-2 and its mutants were reconstituted on liposomes (Supplementary Figures 1A,B). To explore membrane fusion, we performed lipid-mixing and content-mixing assays (Figures 1B,C), as previously described (Weber et al., 1998; Wang et al., 2016). Note that the cytoplasmic fragment of synaptotagmin-1 (C2AB) and Ca2+ were included to enhance fusion rate and extent throughout this study. As expected, WT synaptobrevin-2 supported efficient lipid mixing and content mixing (Figures 1D,E). As a control, the addition of the cytoplasmic fragment of synaptobrevin-2 (Syb29−96) abolished both lipid mixing and content mixing (Figures 1D,E). L93-PP designed to disrupt helical continuity downstream of W89/W90 supported lipid mixing as effectively as WT synaptobrevin-2, but reduced content mixing by 55% compared to WT synaptobrevin-2 (Figures 1D,E). Intriguingly, K85-PP proposed to break helical continuity upstream of W89/W90 severely impaired both lipid and content mixing (Figures 1D,E). These data led to an idea that helical extension of synaptobrevin-2 to W89/W90 in the JLR is essential for initiating membrane merger, and helical continuity beyond W89/W90 contributes to drive complete membrane fusion.

To investigate whether the SNARE regulatory components Munc18-1 and Munc13-1 influence the dependence of SNARE-mediated liposome fusion on helical continuity of synaptobrevin-2, we exploited Munc18–Munc13-regulated fusion system wherein Munc13-1 catalyzes SNARE complex formation starting from the Munc18-1/syntaxin-1 complex (Ma et al., 2013). Hence, we assayed both lipid mixing and content mixing between liposomes bearing the Munc18-1/syntaxin-1 complex and liposomes containing synaptobrevin-2 and its mutations (K85-PP and L93-PP) in the presence of SNAP-25, C1-C2B-MUN (containing the priming activity of Munc13-1), C2AB and Ca2+ (Figures 1F,G), as previous described (Ma et al., 2013; Yang et al., 2015). As a control, lipid mixing and content mixing were abolished when SNAP-25 was absent (Figures 1H,I). Intriguingly, K85-PP abrogated both lipid mixing and content mixing, while L93-PP effectively supported lipid mixing but reduced content mixing by 70% (Figures 1H,I), in line with the results obtained with the reconstitution system deficient in Munc18-1 and Munc13-1 (Figures 1B–E).

In addition to K85-PP and L93-PP, we introduced another two proline-insertion mutations that are more adjacent to W89/W90 of synaptobrevin-2, referred to as Y88-PP and W90-PP, respectively (Supplementary Figure 2A). Co-flotation experiment confirmed that Y88-PP and W90-PP were reconstituted on liposomes as effective as WT synaptobrevin-2 (Supplementary Figure 1B). Consistently, using systems with and without Munc18-1 and Munc13-1, we observed that Y88-PP and W90-PP exhibited distinct effect on lipid and content mixing, in a manner similar to K85-PP and L93-PP, respectively (Supplementary Figures 2B–E). Notably, we verified that the content mixing assay in both systems reflects actual exchange of content between liposomes but not the leakage of sulforhodamine (Supplementary Figures 2F,G).

Taken together, the data obtained from both fusion systems with and without Munc18-1 and Munc13-1 suggest that helical continuity of synaptobrevin-2 extended to W89/W90 in the JLR is an essential prerequisite to initiate membrane merger. The data indicate that W89/W90 functions as a fusion landmark that gates force transmission into the membrane interface.



Fusion Affected by Substitution or Deletion of the Synaptobrevin-2 TMR

Next, we investigated for the importance of the synaptobrevin-2 TMR in membrane fusion with both fusion systems described above. In this respect, we generated a synaptobrevin-2 mutant that lacks its own TMR but bears the syntaxin-1 TMR, referred to as SybSyx−TMR, with the sequence following W89/W90 (residues 95–116) in synaptobrevin-2 replaced with the TMR sequence (residues 267–288) of syntaxin-1 (Figure 2A). Co-flotation experiment confirmed that SybSyx−TMR was reconstituted on liposomes as effectively as WT synaptobrevin-2 (Supplementary Figure 1C). In both fusion systems with and without Munc18-1 and Munc13-1, SybSyx−TMR supported lipid mixing (Figures 2B,C) but obviously impaired content mixing by 50% and 55%, respectively (Figures 2D,E), implying that content mixing requires more precise sequence and topology structure of the TMR.
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FIGURE 2. Fusion affected by substitution or deletion of the synaptobrevin-2 TMR. (A) Domain structure of chimeric synaptobrevin-2 with TMR substituted by syntaxin-1 TMR (residues 267–288) (SybSyx−TMR). (B,C) Lipid mixing between synaptobrevin-2 WT, SybSyx−TMR liposomes and liposomes reconstituted with syntaxin-1/SNAP-25 (B) or Munc18-1/syntaxin-1 (C). (D,E) Content mixing between synaptobrevin-2 WT, SybSyx−TMR liposomes, and liposomes reconstituted with syntaxin-1/SNAP-25 (D) or Munc18-1/syntaxin-1 (E). (F) Domain structure of TMR deletion mutant (SybΔTMR) with C-teminal 6-Histidine tag linked to DGS-NTA-containing liposome. (G,H) Lipid mixing between synaptobrevin-2 WT and SybΔTMR liposomes and liposomes reconstituted with syntaxin-1/SNAP-25 (G) and Munc18-1/syntaxin-1 (H). Representative traces came from one of three independent experiments. Bars on the right panel in (B–E,G,H) are Means ± SDs, n = 3.


As the role of the TMR of synaptobrevin-2 in lipid mixing can be fully compensated by the TMR of syntaxin-1 (Figures 2B,C), we doubted whether the TMR is really required for initiating membrane merger. To explore this, we generated a TMR-deleted synaptobrevin-2 mutant (residues 23–93) and made this mutant attach the membrane surface upon introducing a 6-Histidine tag to its C-terminal end (after the residue L93, referred to as SybΔTMR), and examined its activity in membrane fusion (Figure 2F). Five percentage molar ratio of DGS-NTA was accordingly included in liposomes (Figure 2F). Co-flotation assay verified efficient attachment of SybΔTMR to liposomes (Supplementary Figure 1C). By using a Syb49−96 peptide displacement experiment (Pobbati et al., 2006), we found that SybΔTMR was capable of forming trans-SNARE complexes with the syntaxin-1/SNAP-25 complex between the two membranes (Supplementary Figure 3). However, in comparison to WT synaptobrevin-2, SybΔTMR failed to support lipid mixing (Figures 2G,H) in the absence and presence of Munc18-1 and Munc13-1. Hence, despite that SybΔTMR can bring the membranes into close distance, the loss of lipid mixing by the lack of the TMR cannot be compensated by Munc18-1 and Munc13-1. These data, together with the results observed in Figure 1, indicate that even in a condition that the two membranes have reached to a close proximity, Munc18-1 and Munc13-1 execute no sufficient force or energy to induce membrane deformation and fusion, in addition to their important regulatory function in SNARE complex assembly.

Since the synaptobrevin-2 mutants described above, e.g., L93-PP, W90-PP, SybSyx−TMR, and SybΔTMR, are able to anchor on the liposomes and carry the W89/W90 residues, how to interpret that only SybΔTMR fails to support lipid mixing? It was suggested that precise insertion of the W89/W90 residues at the membrane-water interface is essential for fusion (Borisovska et al., 2012). We thus examined the position of the W89/W90 region of the mutants with respect to the membrane-water interface. To this aim, we applied brominated lipid into synaptobrevin-2-liposomes where bromines were attached to the acyl chain (4,5-Br2-PC) (Figure 3A). In this case, tryptophan fluorescence (F) could be effectively quenched if the W89/W90 residues were in contact with the acyl chain (Kweon et al., 2003). Indeed, a significant decrease in F was observed for WT synaptobrevin-2 with increased mole fraction of Br2-PC (Figures 3B,E), confirming the close contact of the W89/W90 residues with the membrane. Similar result was observed for SybSyx−TMR (Figures 3C,E), indicating that substitution of the TMR of synaptobrevin-2 with that of syntaxin-1 retains the ability to bring the W89/W90 residues at the membrane surface. However, little decrease in F was detected for SybΔTMR (Figures 3D,E), suggesting that the two tryptophan residues are sequestered from the membrane-water phase owing to the lack of the TMR. Control experiments ruled out the possibilities that 5% molar ratio of DGS-NTA quenches tryptophan fluorescence (Supplementary Figure 4A) and that Ca2+ competes with DGS-NTA for SybΔTMR binding (Supplementary Figure 1C). Moreover, based on brominated lipid tryptophan quenching assay, we found that the behaviors of the tryptophans of Y88-PP, W90-PP, K85-9i, and L93-9i are similar to that of WT synaptobrevin-2 (Supplementary Figure 4B). These data showed that tryptophan fluorescence is insensitive to the PP and Gly/Ser insertions, implying that the insertions do not change position or orientation of W89/W90 with respect to the membrane.
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FIGURE 3. W89/W90 of TMR anchored synaptobrevin-2 are resided at the membrane-water interface. (A) Schematic diagrams of lipid quenching assay showing that fluorescence of embedded tryptophans in TMR anchored synaptobrevin-2 were quenched by lipid quencher 4,5-Br2-PC. (B–D) Quenching of tryptophan fluorescence by different molar fraction of 4,5-Br2-PC in synaptobrevin-2 WT (B), SybSyx−TMR (C), and SybΔTMR (D) liposomes. The samples were excited at 285 nm, and the emission spectra were collected in the range of 300–400 nm. (E) Quantification of the fluorescent intensities in (B–D) of synaptobrevin-2 WT (solid blue circles), SybSyx−TMR (solid red squares), and SybΔTMR (solid green triangles) liposome. The total fluorescence intensity (F) was calculated by integrating the intensity in the emission spectral range. (F0) represents the fluorescent intensity in the absence of 4,5-Br2-PC, ln (F/F0) is plotted against the 4,5-Br2-PC molar fraction. Linear regression was performed by Prism 6.01. Bars in (E) are presented as Means ± SDs, n = 3.


Thus, we suggest that although SybΔTMR retains the ability to attach on the membrane surface, improper position, or orientation of W89/W90 with respect to the membrane caused by deletion of the TMR is expected to impair the force-transmission role of W89/W90.



Fusion Affected by Extension of the Length or Flexibility of the Synaptobrevin-2 JLR

Previous studies have found that extension of the length or flexibility of the synaptobrevin-2 JLR exerts milder effects on spontaneous release but severe impairment on Ca2+-evoked release (Deak et al., 2006; Bretou et al., 2008; Guzman et al., 2010; Zhou et al., 2013), suggesting that a tight coupling between the SNARE motif and the TMR is required for highly regulated fusion events. We hence explored whether such tight coupling demand is imposed by the SNARE regulatory proteins.

We increased the length of the synaptobrevin-2 JLR via inserting 3, 7, and 9 amino acids following the residue K85, referred to as K85-3i, K85-7i, and K85-9i, respectively (Figure 4A). These insertions are expected to extend the length and flexibility of the JLR outside the membrane surface, as the insertion position is upstream of W89/W90. Co-flotation assay confirmed that the insertions were reconstituted on liposomes (Supplementary Figure 1D). First, we explored the fusion effects of these insertions using the fusion system without Munc18-1 and Munc13-1, as shown in Figures 1B,C. K85-3i, K85-7i, and K85-9i gradually reduced lipid mixing and content mixing in a length-dependent manner (Figures 4B,C). However, in the fusion system dependent of Munc18-1 and Munc13-1, as shown in Figures 1F,G, K85-3i, K85-7i, and K85-9i severely impaired lipid mixing and content mixing (Figures 4D,E), consistent with the data observed in neurons (Zhou et al., 2013). Hence, the tight coupling between the SNARE motif and the TMR that is specific for evoked fusion was reproduced in in vitro fusion system mediated by Munc18-1 and Munc13-1, reflecting that Munc18–Munc13-dependent membrane fusion represents the dominant route leading to evoked exocytosis.
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FIGURE 4. Fusion affected by extension of the length or flexibility of the synaptobrevin-2 JLR. (A) Domain structure of full length synaptobrevin-2 with 3, 7, 9 GSG insertions after K85 (K85-3i, K85-7i, K85-9i) in the JLR. (B,C) Lipid mixing (B) and content mixing (C) between synaptobrevin-2 WT, K85-3i, K85-7i, and K85-9i liposomes and syntaxin-1/SNAP-25 liposome. (D,E) Lipid mixing (D) and content mixing (E) between synaptobrevin-2 WT, K85-3i, K85-7i, and K85-9i liposomes and Munc18-1/syntaxin-1 liposome. (F) Domain structure of full-length synaptobrevin-2 with 3, 7, 9 GSG insertions after L93 (L93-3i, L93-7i, L93-9i) in the JLR. (G,H) Lipid mixing (G) and content mixing (H) between synaptobrevin-2 WT, L93-3i, L93-7i, and L93-9i liposomes and syntaxin-1/SNAP-25 liposome. (I,J) Lipid mixing (I) and content mixing (J) between synaptobrevin-2 WT, L93-3i, L93-7i, and L93-9i liposomes and Munc18-1/syntaxin-1 liposome. Representative traces came from one of three independent experiments. Bars on the right panel in (B–E,G–J) are Means ± SDs, n = 3.


The synaptobrevin-2 JLR sequence (86RKYWW90) was recently found to bind the Munc13-1 MUN domain, and this interaction is required for the MUN domain to drive N-terminal SNARE complex assembly when starting from the Munc18-1/syntaxin-1 complex (Wang et al., 2019). Given that K85-3i, K85-7i, and K85-9i all retain the RKYWW sequence as an entirety (Figure 4A), we assume that the three insertions do not influence MUN activity in promoting N-terminal SNARE assembly. To test this idea, we assessed MUN activity by using established native-gel assay (Yang et al., 2015; Wang et al., 2019). As expected, synaptobrevin-2 (residues 29–93) with K85-3i, K85-7i, and K85-9i insertions all supported the transition from the Munc18-1/syntaxin-1 complex to the SNARE complex in the presence of the MUN domain and SNAP-25 (Supplementary Figure 5). Hence, these insertions seem unlikely to impair MUN–synaptobrevin-2 (JLR) interaction and MUN activity in N-terminal SNARE assembly. It is conceivable that the strongly impaired membrane fusion caused by K85-3i, K85-7i, and K85-9i insertions arises likely from the uncooperative actions among the extended synaptobrevin-2 JLR, Munc13-1/Munc18-1, and phospholipids in C-terminal SNARE assembly and membrane merge.

In addition, similar insertions were placed downstream of W89/W90, i.e., following the residue L93, referred to as L93-3i, L93-7i, and L93-9i, respectively (Figure 4F). Co-flotation assay confirmed that the insertions were reconstituted on liposomes (Supplementary Figure 1D). These insertions are assumed to increase the length and flexibility of the TMR inside the membrane. Intriguingly, these insertions had little effect on lipid mixing (Figures 4G,I), but exerted more remarkable influence on content mixing (Figures 4H,J), regardless of using the fusion systems with or without Munc18-1 and Munc13-1. These data suggest that the precise sequence length upstream of W89/W90, but not that downstream of W89/W90, accounts for the tight coupling between the SNARE motif and the TMR.

Taken together, these data suggest that Munc18-1 and Munc13-1 cooperate to impose a tight coupling demand between the SNARE motif and the TMR on membrane fusion upon specifically sensing the length of the synaptobrevin-2 JLR, leading to a notion that the JLR of synaptobrevin-2 constitutes an essential structure element determining not only force transmission but also precise regulation demanded by fast exocytosis.




DISCUSSION

Aromatic and charged residues are highly conserved in the juxtamembrane linker regions (JLR) of synaptobrevins and play a role in membrane fusion (Maximov et al., 2009; Williams et al., 2009; Borisovska et al., 2012; Demill et al., 2014). Two consecutive tryptophan residues (W89/W90) in the JLR of synaptobrevin-2 were reported to reside at the membrane-water interface and serve as a fusion barrier to regulate Ca2+-evoked exocytosis and membrane fusion (Kweon et al., 2003; Chen et al., 2004; Bowen and Brunger, 2006; Maximov et al., 2009; Borisovska et al., 2012). Here, we observed that helix-breaking and/or length-increasing insertions in synaptobrevin-2 exerts distinctive effects on membrane fusion, in a manner dependent on the insertion position relative to W89/W90. For the insertions downstream of W89/W90, e.g., W90-PP, L93-PP, L93-3i, L93-7i, and L93-9i, they exhibited ignoring effects on lipid mixing; while, for those insertions upstream of W89/W90, e.g., K85-PP, Y88-PP, K85-3i, K85-7i, and K85-9i, they exerted severe defects on lipid mixing. The striking differences on the influence of lipid mixing by the insertions indicates that perturbation of the sequence downstream of W89/W90 seems to be better tolerated than that upstream of W89/W90. Upon analysis and comparison of studies published previously (Mcnew et al., 1999; Van Komen et al., 2005; Kesavan et al., 2007; Pieren et al., 2015), we notice that the insertions placed after W89/W90 in the JLR indeed exhibit virtually little effect on SNARE-mediated lipid mixing, consistent well with our results. In line with the conception that W89/W90 positions at the membrane-water interface, our results suggest that W89/W90 functions as a landmark gating force transmission into the membrane interface. In our point of view, with membrane approaching by trans-formation of the SNARE motifs, further assembly of the JLR to W89/W90 is strictly required to initiate membrane merger. Note that helical extension of the JLR to W89/W90 is coupled with conformational change of the JLR.

Our study also examined the roles of the TMR of synaptobrevin-2 in membrane fusion. First, the observations that the insertions downstream of W89/W90, e.g., W90-PP, L93-PP, L93-3i, L93-7i, and L93-9i, support lipid mixing but remarkably reduce (but not eliminate) content mixing suggest that helical continuity and rigid of the TMR spanning the lipid bilayer is crucial for inner membrane merger. Similarly, replacement of the synaptobrevin-2 TMR with that of syntaxin-1 displayed an asymmetric effect on lipid and content mixing. The strong defect on content mixing caused by the replacement of the TMR might arise because specific interactions between the two heterogeneous TMRs are crucial for effective inner membrane merger, in line with previous results that the TMRs of synaptobrevin-2 and syntaxin-1 form a heterodimer during fusion (Margittai et al., 1999; Laage et al., 2000; Stein et al., 2009). Strikingly, although membrane-attached synaptobrevin-2 lacking the TMR allows trans-SNARE complex formation docking liposomes (Supplementary Figure 3), it totally abrogates membrane fusion regardless of the existence of Munc18-1 and Munc13s (Figures 2G,H), owing to improper location of W89/W90 with respect to the membrane caused by the deletion of the TMR (Figures 3D,E). Consistently, a recent NMR study also found that the W89/W90 residues in soluble synaptobrevin-2 (residue 1–96) are sequestered from the membrane (Lakomek et al., 2019). These data suggest that membrane proximity is not sufficient and that the TMR of synaptobrevin-2 drives membrane fusion via pulling W89/W90 at the membrane interface so as to effectively transmit the force into the membrane. In addition to serving as a force-transmission element, the SNARE TMR has been implicated in fusion pore formation (Han et al., 2004; Ngatchou et al., 2010; Chang et al., 2015; Bao et al., 2016; Sharma and Lindau, 2018; Weiss, 2019).

Notably, the observations that abrogation of fusion by helix-breaking insertions and/or by TMR deletion cannot be rescued by Munc18-1 and Munc13-1 suggest that the synaptobrevin-2 TMR is absolutely required for inducing full fusion and that Munc18-1 and Munc13-1 are unlikely to serve as independent force generators in membrane deformation and fusion. Our results are not in line with previous data that forcing lipid membranes close together suffices to induce synaptic vesicle fusion without a need for the TMR and that SM proteins Munc18-2 and SM protein-containing HOPS complex exert force to drive complete fusion regardless of the presence of the SNARE TMR (Xu et al., 2011; Zhou et al., 2013; Spessott et al., 2017). This discrepancy needs to be interpreted with caution because different lipid (protein) composition, membrane mobility and curvature, and protein concentrations, etc., were used in these studies. For instance, (i) in the presynaptic active zones, protein, and lipid components around the fusion pore are expected to be more complicate than that in in-vitro man-made proteoliposomes; and (ii) increasing local numbers of the SNARE complex might lead to a higher energetically favorable state that could be sufficient to destabilize the phospholipid bilayers even without other fusion components. Nevertheless, our results are consistent with a recent study showing that lipid-anchored synaptobrevin-2 provides little or no support for liposome fusion and exocytosis (Chang et al., 2016), which rationalize the virtually universal presence of a TMD in R-SNAREs (Weimbs et al., 1998; Jahn and Südhof, 1999).

Previous work has identified a tight coupling between the SNARE motif and the TMR that is specific for evoked exocytosis (Deak et al., 2006; Kesavan et al., 2007; Bretou et al., 2008; Guzman et al., 2010; Borisovska et al., 2012; Zhou et al., 2013). Our finding that Munc18-1 and Munc13-1 renders the fusion more sensitive to the length and flexibility of the synaptobrevin-2 JLR sequence upstream of W89/W90 leads to a notion that the tight coupling demanded by evoked fusion might be imposed by Munc18-1 and Munc13-1, reflecting that Munc18–Munc13-regulated SNARE complex assembly serves likely as the dominant route to evoked fusion. Actually, both spontaneous and evoke fusion require Munc18-1 and Munc13-1. Although it is believed that spontaneous and evoke fusion share same fusion machinery, the underlying mechanism may differ. In contrast to evoked fusion that relies on Munc13-catalyzed transition from the Munc18-1/syntaxin-1 complex to the SNARE complex in the presence of SNAP-25 and synaptobrevin-2, spontaneous fusion might use a different route that involves Munc18-1-mediated syntaxin-1 N-peptide interaction and Munc13-1-mediated association of the two apposing membranes. We suggest that Munc18-1 and Munc13-1 highly regulate the whole process of SNARE complex assembly in evoked fusion, whereas their predominant roles in spontaneous fusion lie in vesicle docking and membrane association prior to SNARE assembly. Increasing evidence has indicated that the JLR of synaptobrevin-2 serves as an important element not only for force transmission but also for regulations by multiple fusion components such as calmodulin, Munc13s, and phospholipids (Quetglas et al., 2000; Kweon et al., 2003; Bowen and Brunger, 2006; Ellena et al., 2009; Brewer et al., 2011; Borisovska et al., 2012; Han et al., 2016; Rathore et al., 2019; Wang et al., 2019). Although length-increasing insertions in the synaptobrevin-2 JLR do not disturb Munc13-mediated N-terminal SNARE assembly (Supplementary Figure 5), structural perturbations in this region may affect cooperative interplay among the JLR, Munc13s, and phospholipids, therefore altering fusion competence. For instance, the crystal structure of synaptobrevin-2 bound to Munc13-1 reveals a rigid but non-typical α-helical conformation of the JLR (Wang et al., 2019), suggesting that kinetics and thermodynamics for the conformational change of the JLR from priming to fusion may differ between the two fusion system with and without Munc13-1. Interestingly, a recent study showed that vacuoles in yeast are connected by a metastable, non-expanding, nanoscopic fusion pore that does not allow passage of some cargo. This work suggests that this is the default state, from which full fusion is regulated and that the SNARE TMR and the SM protein-containing HOPS complex stabilize the pore against re-closure (D'Agostino et al., 2018). Hence, it is also likely that the tight coupling imposed by Munc18-1 and Munc13-1 in evoked fusion might be due to the existence of small and dynamic fusion pores whose expansion can be regulated and stabilized by interactions of the synaptobrevin-2 JLR with Munc13-1 and/or Munc18-1. These may account for differentiated demand of the tight coupling between spontaneous and evoked fusions. Finally, the effects of Munc18-1 and Munc13-1 found in present study might depend partly on interplay with the synaptotagmin-1 C2AB and Ca2+, because of their existence in all our reactions. Despite these speculations, future investigations need to test how the regulatory fusion components selectively manipulate the structure and function of the JLR in different types of exocytosis.



MATERIALS AND METHODS


Plasmids Construction

All full-length synaptobrevin-2 mutant constructs were generated by PCR using the overlap expansion method. For synaptobrevin-2 R86-PP, Y88-PP, W90-PP, L93-PP variants, forward and reverse overlap primer encoding 2 proline (CCTCCG) were inserted into the target site. The same procedure was used to create R85-3i and L93-3i (GSG), R85-7i and L93-7i (GSGTGSG), R85-9i and L93-9i (GSGGSGGSG) insertion constructions and SybSyx−TMR. All above PCR fragments were cut by BamHI (5′) and EcoRI (3′) (all from Thermo Fisher Scientific; America) restriction enzyme and then ligated into pGEX-6P-1 vector (GE Healthcare; Piscataway, NJ). To create SybΔTMR, PCR amplification of synaptobrevin-2 (residues 23–93) with a stop primer encoding six Histidine at the C-terminal was subcloned into pET-28a (Novagen; Australia) by NcoI and XhoI.



Protein Purification

Full-length synaptobrevin-2 and its recombinant variants were expressed as N-terminal GST fusion proteins (pGEX-6P-1-vector) in the E.coli strain BL21-DE3 and purified using glutathione-agarose in 1% (w/v) n-octyl β-D-glucopyranoside (Amresco; Solon, OH). All column elutions were analyzed for integrity and purity of the expressed proteins by SDS-PAGE and Coomassie blue staining. Syntaxin-1 (residues 183–288, the SNARE motif, JLR and TMR), SNAP-25 (with its four cysteines mutated to serines), Munc18-1/syntaxin-1(residues 1–288, full-length), Munc13-1 (the C1-C2B-MUN fragment, residues 529–1407, EF, 1453–1531), and the synaptotagmin-1 cytoplasmic domain (C2AB, residues 140–421) were expressed and purified as described previously (Sutton et al., 1998; Dulubova et al., 1999, 2007; Ma et al., 2011, 2013). Protein concentrations were determined by UV-visible spectrometer (SHIMADZU UV-2450).



Lipid Mixing Assay

Proteoliposomes were prepared using established procedures (Ma et al., 2013). Donor (synaptobrevin-2) liposomes contained 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS), 1,2-dipalmitoyl-snglycero-3-phosphoethanolamine-N-[lissamine rhodamine B sulfonyl] ammonium salt (rhodamine-PE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[7-nitro-2-1,3-benzoxadiazol-4-yl] ammonium salt (NBD-PE). Acceptor liposome (syntaxin-1/SNAP-25) contained 60% POPC, 20% POPE, 20% DOPS, and the other acceptor liposome (Munc18-1/syntaxin-1) contained additional 2% L-α-phosphatidylinositol-4,5-bisphosphate (Brain, Porcine) (ammonium salt) (PI[4, 5]P2) and 5% 1-2-dioleoyl-sn-glycerol (DAG) (all from Avanti Polar Lipids; Alabaster, AL). Lipid mixtures were dried in glass tubes with nitrogen gas and followed by vacuum for at least 3 h. Lipid films were resuspended in buffer A [25 mM HEPES, pH 7.4, 150 mM KCl, 10 % glycerol (v/v)] and 1 mM DTT, 1% 3-[(3-Cholamidopropyl) dimethylammonio] propanesulfonate (CHAPS) (w/v, Amersco) and vortexed for 10 min. Purified proteins were added slowly to the micelle at a final concentration of 5 mM total lipids. Liposome was acquired with a constant protein/lipid ratio which acceptor liposome is 1:800 and donor liposome is 1:500. The liposome protein mixtures were incubated at room temperature for 30 min followed by dialyzing in buffer A and 1 mM DTT, 1 g/L Bio-beads SM2 (Bio-Rad) 3 times at 4°C in order to remove the detergent extensively. Lipid mixing assay was then taken up based on 7-nitrobenz-2-oxa-1,3-diazole (NBD) fluorescence dequenching assay which is emitted at 538 nm and excited at 460 nm. In brief, Donor liposomes (0.25 mM lipids) were mixed with acceptor liposomes (0.5 mM lipids) in the presence of 2 μM C2AB fragment, 0.5 mM Ca2+ (syntaxin-1/SNAP-25) and extra 1 μM Munc13-1 C1-C2B-MUN, 5 μM SNAP-25 (Munc18-1/syntaxin-1) (as indicated in the figures) in a total volume of 60 ul. All experiments were performed at 30°C. At the end of each reaction, 1% w/v β-OG was added to solubilize the liposomes and obtain maximum fluorescence signal for normalizing.



Content Mixing Assay

Forty millimeters sulforhodamine B (Sigma) was loaded into synaptobrevin-2 liposome without lipid probes. Other experimental details were same as lipid mixing assays. leakiness control was performed with 40 mm sulforhodamine B both loaded into syntaxin-1/SNAP-25 or Munc18-1/syntaxin-1 liposome and synaptobrevin-2 liposomes. fluorescence was monitored on a PTI QM-40 fluorescence spectrophotometer with an excitation wavelength of 565 nm and an emission wavelength of 580 nm. Fluorescence normalization is the same as that used in the lipid-mixing assay. All experiments were carried out at 30°C. At the end of each reaction, 1% w/v β-OG was added to solubilize the liposomes and obtain maximum fluorescence signal for normalizing.



Liposome Co-flotation Assay

Lipid films were re-suspended in buffer A [25 mM HEPES, pH 7.4, 150 mM KCl, 1 mM DTT, 10% glycerol (v/v)] and vortexed for at least 5 min. The re-suspended lipid films were frozen and thawed five times, and then extruded through a 50 nm polycarbonate filter with an Avanti extruder for at least 29 times to make the final liposome. SybΔTMR was purified as the C-terminal 6-Histidine tagged tail-anchored forms earing a DGS-NTA lipid 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid) succinyl] (nickel salt) that can be attached to lipid membranes. Proteins were preincubated with liposomes made by Extruder with a protein to lipid ratio of 1:100 for 3 h at room temperature. Co-floatation assay was firstly taken with a Histodenz (Sigma Aldrich) gradient density gradients (40:30%) using a SW 55 Ti rotor (Beckman Coulter; Boulevard Brea, CA) at a speed of 48,000 rpm for 2 h in order to get rid of remaining unattached 6-Histidine tail-anchored proteins. Samples from the top and the bottom of the gradient (50 μl) were taken and analyzed by SDS-PAGE and Coomassie Blue staining.



Fluorescence Anisotropy Assay

Synaptobrevin-2 (residues 49–96, S61C) was purified and labeled with BODIPY FL N-(2-aminoethyl)-maleimide (BDPY) according to the manufacturer's instruction (Molecular Probes). Syntaxin-1 (residues 183–288), SNAP-25 and synaptobrevin-2 (residues 49–96, S61C) were first preincubated at a molar ratio of 1:1:1 at room temperature for 3 h. Liposome were acquired using dialysis method described above. Co-floatation assay was then conducted to get rid of excess fluorescence labeled synaptobrevin-2. Syntaxin-1/SNAP-25/synaptobrevin-2 49–96 S61C liposome (0.25 mM lipids) was mixed with SybΔTMR liposome (0.5 mM lipids) and the fluorescence anisotropy assay was performed on PTI QM-40 fluorescence spectrophotometer equipped with a set of polarizers. The experiment was carried out at 25°C with excitation and emission wavelength of 485 and 513 nm, respectively.



Tryptophan Fluorescence Quenching Assays

To explore the location of tryptophan residues in synaptobrevin-2 WT and mutants, lipid quencher 1-palmitoyl-2-stearoyl-(4.5)-dibromo-sn-glycero-3-phosphocholine (4,5-Br2-PC, 10 mg/ml) was added in replacement of part of POPC at 0.0, 0.1, 0.2, 0.3, 0.4 molar fraction, respectively. Solutions of POPC (14 mg/ml) and 4,5-Br2-PC (10 mg/ml) in chloroform were codissolved at 5 mM total lipid. Proteins were reconstituted into the liposome with a molar lipid/protein ratio of 250 using dialysis method described above. The degree of quenching was determined as a function of the mole fraction of added brominated POPC. The samples were excited at 285 nm, and the emission spectra were collected in the range of 300–400 nm. The total fluorescence intensity F was obtained by integrating the intensity in this spectral range. Normalized statistics method was described elsewhere (Kweon et al., 2003).



Native Gel Assay

Munc18-1 and syntaxin-1 (residues 2–253) were first incubated with a protein/protein ratio of a 1.2:1 at 30°C for 3 h to form a stable Munc18-1/syntaxin-1 (M18/Syx) complex. Ten micrometre synaptobrevin-2 (residues 23–93) or its mutants, 10 μM SNAP-25, 25 μM MUN (residues 933–1407, EF, 1453–1531) were then added and incubated for another 3 h at 30°C. The samples were loaded into the non-denaturing [sodium dodecyl sulfate (SDS)-free] gel and the electrophoresis were performed in native electrophoresis buffer at 4°C as described before (Yang et al., 2015). The representative gel displayed is from one of three replicates.



Data Analysis

Prism 6.01 (GraphPad) was used for graphing and performing linear regression.
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p38 is a mitogen-activated protein kinase (MAPK), that responds primarily to stress stimuli. p38 has a number of targets for phosphorylation, including MAPK-activated protein kinase 2 (MK2). MK2 primarily functions as a master regulator of RNA-binding proteins, indirectly controlling gene expression at the level of translation. The role of MK2 in regulating the synthesis of pro-inflammatory cytokines downstream of inflammation and cellular stress is well-described. A significant amount of evidence, however, now points to a role for the p38MAPK-MK2 signaling axis in mediating synaptic plasticity through control of AMPA receptor trafficking and the morphology of dendritic spines. These processes are mediated through control of cytoskeletal dynamics via the activation of cofilin-1 and possibly control of the expression of Arc/Arg3.1. There is evidence that MK2 is necessary for group I metabotropic glutamate receptors long-term depression (mGluR-LTD). Disruption of this signaling may play an important role in mediating cognitive dysfunction in neurological disorders such as fragile X syndrome and Alzheimer’s disease. To date, the role of neuronal MK2 mediating synaptic plasticity in response to inflammatory stimuli has not yet been investigated. In immune cells, it is clear that MK2 is phosphorylated following activation of a broad range of cell surface receptors for cytokines and other inflammatory mediators. We propose that neuronal MK2 may be an important player in the link between inflammatory states and dysregulation of synaptic plasticity underlying cognitive functions. Finally, we discuss the potential of the p38MAPK-MK2 signaling axis as target for therapeutic intervention in a number of neurological disorders.

Keywords: MK2, p38MAPK, synaptic plasticity, mGluR-LTD, neuroinflammation, cognition, hippocampus, AMPAR trafficking


INTRODUCTION

Over recent years, the importance of bidirectional cross-talk between the immune system and central nervous system has become increasingly clear. Immune responses are subject to neuroendocrine modulation (Taub, 2008), while inflammatory signals mediate the activity of neural networks (Schneider et al., 1998; Pickering et al., 2005; Clarkson et al., 2017). Molecules that were previously defined by their contribution to the functioning of the immune system, such as tumor necrosis factor α (TNFα), have been shown also to play important roles in regulating neuronal activity (Shatz, 2009). Conversely, a role in immune function has emerged for molecules, such as γ-Aminobutyric acid (GABA), defined by their role in neurotransmission (Kerage et al., 2019). The importance of an inflammatory contribution to neurological disorders has become increasingly clear and mechanisms through which inflammatory signaling is transduced into neuronal responses are of particular interest. The p38 mitogen-activated protein kinase (MAPK, p38MAPK), phosphorylates MAPK-activated protein kinase 2 (MK2). The role of this p38MAPK-MK2 signaling axis in cellular responses to stress and inflammatory signals, including control of the synthesis and release of inflammatory signaling molecules, has been delineated in detail, largely from immune cells (Gaestel, 2006; Menon and Gaestel, 2018). In neurons, however, the p38MAPK-MK2 signaling axis is responsible for mediating neurotransmission in response to activation of perisynaptic group I metabotropic glutamate receptors (mGluR1/5) on dendritic spines. Expressed in neurons throughout the brain, activated in response to inflammatory cues and with a demonstrated role in mediating synaptic plasticity, the p38MAPK-MK2 signaling axis is an attractive candidate for mediating crosstalk between inflammatory and neuronal signaling. Here, we will discuss what is known about activation of the p38MAPK-MK2 axis in response to inflammatory stimuli, the role it plays in mediating synaptic plasticity, discuss the potential of this signaling pathway for mediating cross-talk between inflammatory signals and neurotransmission and discuss settings within which targeting this signaling system may prove efficacious.



THE p38MAPK-MK2 SIGNALING AXIS

MAPK-signaling cascades are highly conserved intracellular signaling pathways that convert external stimuli, usually through cell-surface receptors, into a range of cellular responses (Seger and Krebs, 1995). These signaling pathways are ubiquitous across the eukaryotic domain (Avruch, 2007) and mediate a great diversity of cellular processes, such as proliferation, differentiation, or apoptosis (Qi and Elion, 2005; Keshet and Seger, 2010; Morrison, 2012). These processes largely control the expression of a network of regulatory genes (Whitmarsh, 2007). Each cascade of conventional MAPKs is composed of a set of three sequentially acting kinases: an MAPK, an MAPK kinase (MAP2K), and an MAP2K kinase (MAP3K) (Cargnello and Roux, 2011). The MAP3Ks, at the top of the cascade, are protein serine/threonine kinases, often activated through phosphorylation and/or as a result of their interaction with a small GTP-binding protein of the Ras/Rho family in response to extracellular stimuli (Chiariello et al., 2010). MAP3K activation leads to the phosphorylation and activation of a MAP2K, which then activates a MAPK through dual phosphorylation on threonine and tyrosine residues within a conserved threonine-X-tyrosine motif (Cargnello and Roux, 2011).

p38MAPK is a MAPK, that in mammalian cells is expressed in four splice variants: p38α, p38β, p38γ, and p38δ, with differential phosphorylation of molecular targets (Cuadrado and Nebreda, 2010). P38MAPK is activated by the MAP2Ks, MKK3, and MKK6 (Zarubin and Han, 2005), via dual phosphorylation on threonine-180 and tyrosine-182 (Raingeaud et al., 1995). The principal role of p38MAPK is in co-ordinating molecular responses within the cell to stimuli associated with diverse stressors (Coulthard et al., 2009). Stressors can involve changes in the immediate extracellular microenvironment, such as osmotic (Westfall et al., 2004) or thermal (Li et al., 2018) stress, or the detection of pathogens (Cargnello and Roux, 2011). Alternatively, pathology at the level of organ or organism can be detected through intercellular signaling molecules, such as chemoattractants, cytokines, and chemokines (Menon and Gaestel, 2018). These signals are transduced into a p38MAPK-mediated cellular response through receptors, generally at the cell surface and the subsequent initiation of MAPK signaling cascades, as described above. Through phosphorylation and activation of a range of targets, p38MAPK co-ordinates a cellular response to these inputs, which can include the amplification of inflammatory responses though synthesis and release of pro-inflammatory cytokines (Ronkina et al., 2010; Menon and Gaestel, 2018) and altering the morphology or motility of the cell through changes in the actin cytoskeleton (Scharf et al., 2013). Many of these processes are co-ordinated by MK2.

MK2 is activated by the α and β isoforms of p38MAPK, through phosphorylation at Thr-222, Ser-272 and Thr-334 (Freshney et al., 1994; Han et al., 1994; Rouse et al., 1994; Li et al., 2018). MK2 has multiple targets for phosphorylation, but its primary function is as a master regulator of RNA binding proteins (Culbert et al., 2006; Gaestel, 2006; Gais et al., 2010; Gurgis et al., 2014; Soni et al., 2019). Experimental evidence indicates that MK2 regulates the stability of genes that harbor adenine/uridine-rich elements (AREs) in their 3’-untranslated region (3’-UTRs). The control of mRNA stability and translation by MK2 is dependent on AU-rich elements in the 3’ untranslated mRNA region, and on RNA-binding proteins. Deletion of MK2 leads to an impaired inflammatory response, which is mainly due to reduced TNF-mRNA stability or translation (Gaestel, 2006).



ACTIVATION OF p38MAPK-MK2 SIGNALING AXIS IN RESPONSE TO INFLAMMATION

The p38MAPK-MK2 signaling axis is embedded in a signaling cycle both downstream of receptors for inflammatory stimuli and upstream of the synthesis and release of pro-inflammatory signaling molecules, allowing it to function as an amplifier of inflammation (Menon and Gaestel, 2018). A broad variety of receptors for inflammatory stimuli and signaling molecules converging through shared pathways, unite at this signaling axis to produce a cellular response (Figure 1). The immune system uses pattern recognition receptors (PRRs) (Takeuchi and Akira, 2010; Amarante-Mendes et al., 2018) for the detection of molecules associated with pathogens (pathogen-associated molecular patterns (PAMPs) and damage (damage-associated molecular patters (DAMPs) (Tang et al., 2012). The receptor for advanced glycation end-products (RAGE) is a multi-ligand, cell-surface PRR, which initiates cellular responses to DAMPs. It binds advanced glycation end-products (AGEs)- proteins or lipids, which have become glycated after exposure to sugars—which accumulate in the extracellular space with increasing age, inflammation, oxidative stress, or as a consequence of ischemia-reperfusion or high glucose (Singh et al., 2001). As well as binding AGEs, RAGE is also activated by calgranulins (Hofmann et al., 1999), amyloid-beta (Aβ) peptides (Yan et al., 1996; Takuma et al., 2009; Piras et al., 2016), associated with Alzheimer’s disease, and high-mobility group protein 1 (HMGB1) (Huebener et al., 2015), a chromatin protein which functions in the nucleus, but is released by immune cells as a leaderless cytokine (Klune et al., 2008). Activation of RAGE initiates, via p21Ras protein activator 1 (Figure 1A), a MAPK signaling cascade culminating in phosphorylation of MK2 by p38MAPK (Ott et al., 2014). In immune cells, the p38MAPK-MK2 signaling axis is necessary for the synthesis and release of inflammatory cytokines in response to RAGE activation (Yeh et al., 2001).
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FIGURE 1. p38MAPK-MK2 axis is activated in response to diverse inflammatory stimuli. p38MAPK is a point of convergence for a wide diversity of intracellular signaling pathways triggered by pattern recognition receptors and receptors for cytokines and other inflammatory signaling molecules. Following activation of RAGE, (A) the p38MAPK-MK2 signaling axis is activated downstream of p21Ras, via MKK3/6 (Yeh et al., 2001; Ott et al., 2014). Activation of receptors in the IL1R superfamily (B), including the toll-like receptors, signal through MyD88 and IRAK, to phosphorylate TRAF6, which in turn activates MKK3/6 and then p38MAPK (Martin and Wesche, 2002; Dunne and O’Neill, 2003). (C) Activation of TGFβR, meanwhile leads to activation of p38MAPK, via TAK1 phosphorylation of MKK3/6 (Yu et al., 2002). This TAK1-dependent pathway is also activated downstream of TNFR1 and TLR3 activation, via RIP1 (Shin et al., 2009). (D) Activation of TNF receptor 1 activates p38MAPK via TRAF2 phosphorylation of MKK3/6.


Toll-like receptors (TLRs) are a family of archetypal PRRs, which detect molecular patterns associated with pathogens (Akira et al., 2001; Janeway and Medzhitov, 2002; Figure 1B). Lipopolysaccharide (LPS), the material from which the cell wall of gram positive bacteria is constructed, is a ligand for toll-like receptor 4 (TLR4) (Park and Lee, 2013), and can be used experimentally to induce an inflammatory response. Indeed, p38MAPK was first discovered through its activation, via tyrosine phosphorylation, in response to LPS-induced TLR4 activation (Han et al., 1993, 1994). Toll-like receptor 3 (TLR3) meanwhile, is expressed in the cytoplasm or in the membrane of endosomes (Chaturvedi and Pierce, 2009) where it detects strings of nucleotides indicative of a viral infection (Perales-Linares and Navas-Martin, 2013) (Figure 1B). Polyriboiosinic:polyribocytidylic acid [poly(I:C)] is a synthetic analog of double-stranded RNA, which can be used experimentally as an immunostimulant to induce an inflammatory response via activation of TLR3 (Farkas et al., 2019). Using Poly(I:C) to stimulate cells, it was demonstrated that the cellular response to activation of TLR3 is dependent on the p38MAPK-MK2 signaling axis, through a pathway involving myeloid differentiation primary response 88 (myD88) and TIR-domain-containing adaptor-inducing interferon-β (TRIF) (Johnsen et al., 2012; Figure 1B). MK2, therefore functions an effector molecule in cellular responses to detection of both bacterial or viral pathogens.

The TLRs are part of a larger family of receptors, characterized by a toll-IL-1-receptor (TIR) domain (Boraschi et al., 2018). This group includes the interleukin-1 family of receptors, composed of interleukin receptor-1 (ILR1) [a receptor for the leaderless pro-inflammatory cytokines interleukin-1α and β (IL-1α and IL-1β)], interleukin receptor-18 (ILR18), interleukin receptor-like 1 (IL1RL1), receptors for interleukin-18 and interleukin-33, respectively (Dinarello, 2018). The IL-1 receptor family signal through MyD88 and interleukin-1 receptor associated kinase (IRAK) (Martin and Wesche, 2002). IRAK activates the classic MAPK-signaling pathway via tumor necrosis factor receptor associated factor 6 (TRAF6), leading, via MKK3 and MKK6 to activation of the p38MAPK-MK2 signaling axis (Dunne and O’Neill, 2003; Figure 1B). Evidence for MK2 phosphorylation following activation of receptors in the IL-1R family includes in responses to IL-1β (Raingeaud et al., 1995; Dunne and O’Neill, 2003), IL-33 (Helbig et al., 2020; Petrova et al., 2020), and IL-18 (Dunne and O’Neill, 2003).

Transforming growth factor-β (TGF-β) is a multifunctional cytokine, released in latent form and activated by proteolysis by matrix metalloproteinases on the cell surface (Karsdal et al., 2002). Upon activation, TGFβ functions as a ligand for dimeric, single pass serine/threonine receptors made up of the subunits TGFβ receptor 1 (TGFβR1/ALK5) and TGFβ receptor 2 (TGFβR2). Binding of TGFβ to TGFβR1 activates a signaling cascade involving MKK3/6, p38MAPK and MK2, through the phosphorylation of phosphorylation of TGFβ-activated kinase 1 (TAK1) (Figure 1C; Yu et al., 2002).

Tumor necrosis factor-α (TNFα) (Menon and Gaestel, 2018) is a pro-inflammatory cytokine released into the extracellular space, largely by leukocytes during the acute stage of inflammation (Parameswaran and Patial, 2010; Wajant and Siegmund, 2019), and functions as the ligand for two cell surface receptors: tumor necrosis factor receptor 1 and 2 (TNFR1 and TNFR2) (Idriss and Naismith, 2000). TNFR1 activates MAPK-signaling cascades via TNFR1-associated death domain (TRADD) and TNF receptor-associated factor 2 (TRAF2). TRAF2 phosphorylates MKK3/6 (Shi and Sun, 2018; Figure 1D). A separate pathway leading to phosphorylation of MKK3/6 is via receptor-interacting protein-1 (RIP1) phosphorylation of TAK1 (Shin et al., 2009) TAK1 phosphorylation is a point of confluence not only with signaling cascades downstream of TGFβR1 (described above), but also via RIP1 activated by TLR3 on endosomes (Kawasaki and Kawai, 2014).

The full range of inflammatory pathways, which lead to activation of the p38MAPK-MK2 axis is broader than can be described within the scope of this review. Other receptors for inflammatory stimuli which have been demonstrated to activate the p38MAPK-MK2 signaling axis include (but are not limited to): monocyte chemoattractant protein 1/chemotactic cytokine ligand 2 (MCP-1/CCL2) activation of chemotactic cytokine receptor 2 (CCR2) (Cho and Gruol, 2008), and interferon-γ activation of interferon-γ receptor (IFNGR) (Culbert et al., 2006).



p38MAPK-MK2 SIGNALING AXIS IN NEURONS

All p38MAPK isoforms are expressed in the mouse brain, with the p38α and β isoforms particularly prominent in the cerebral cortex and hippocampus, with p38α most abundant in neurons (Lee et al., 2000; Beardmore et al., 2005). MK2 is also constitutively expressed in neurons, where it is activated by p38α and β and plays an important role in mediating synaptic plasticity induced by group I metabotropic glutamate receptors (mGluR1/5) (Kemp and Bashir, 1997; Palmer et al., 1997; Moult et al., 2008; Gladding et al., 2009; Sanderson et al., 2016; Privitera et al., 2019; Figure 2A). In the hippocampus, activation of perisynaptic mGluR5 on excitatory neurons (Lujan et al., 1996) mediates a prolonged activity-dependent reduction in the synapse efficacy (long-term depression: mGluR-LTD) (Gladding et al., 2009). The mechanisms underlying mGluR-LTD have been extensively studied at hippocampal Schaffer collateral-CA1 synapses, where it can be induced through the application of paired-pulse low frequency stimulation (Kemp and Bashir, 1997) or with the mGluR5 agonist (S)-3,5-dihydroxyphenylglycine (DHPG) (Palmer et al., 1997).
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FIGURE 2. (A) p38MAPK-MK2 axis is necessary for mGluR-LTD at Schaffer collateral—CA1 synapses. Activation of perisynaptic group I mGluR induced long-term depression is dependent on activation of the p38MAPK-MK2 axis. The p38MAPK-MK2-LIMK1-cofilin signaling cascade leads to depolymerization of the actin cytoskeleton, with a decrease in ratio of filamentous (F-) to globular (G-) actin (Meng et al., 2002; Kobayashi et al., 2006; Honkura et al., 2008). (B) Putative mechanism through which p38MAPK-MK2 signaling axis mediates neurotransmission in response to inflammatory stimuli. Pattern recognition receptors, receptors for cytokines, and receptors for other inflammatory signaling molecules trigger intracellular signaling cascades, which converge at the p38MAPK-MK2 signaling axis (see section “Activation of p38MAPK-MK2 Signaling Axis in Response to Inflammation” and Figure 1 for more detail). MK2 controls cytoskeletal dynamics and receptor trafficking, as described in section “p38MAPK-MK2 Signaling Axis in Neurons” and A). Through this mechanism, we propose that the p38MAPK-MK2 signaling axis controls synapse strength in response to diverse inflammatory stimuli.


The p38MAPK-MK2 signaling axis (Thomas et al., 2008; Eales et al., 2014), activated downstream of mGluR5, controls the molecular machinery in dendritic spines necessary for induction of mGluR-LTD. This includes the molecular regulators of actin remodeling and trafficking of the α-Amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid receptor (AMPA-R) subunits, GluA1 and GluA2 (Corrêa and Eales, 2012; Eales et al., 2014; Wall et al., 2018; Privitera et al., 2019). The molecular mechanisms underlying synaptic plasticity often vary in different brain regions (Gladding et al., 2009). At CA1 dendrites, mGluR-LTD is mediated by Ca2+-independent mechanisms dependent on a cascade triggered by mGluR5 activation leading to the sequential activation of repressor activator protein 1 (Rap1), MKK3/6, p38MAPK and MK2 (Huang et al., 2004).

The morphology of dendritic spines, and GluA1/GluA2 trafficking is controlled through proteins which act to reorganize dynamic elements of the cytoskeleton. A principal target of MK2, in this regard, is LIM domain kinase 1 (LIMK1), which is phosphorylated at Ser-323 (Kobayashi et al., 2006) and regulates the activity of proteins involved in cytoskeletal remodeling. Cofilin1 is a target of LIMK1 (Meng et al., 2002) and, when activated coordinates the depolymerization of actin filaments (F-actin) into actin monomers (G-actin). The dynamic ratio between F-actin and G-actin is largely responsible for the structural changes of the dendritic spine. A switch toward G-actin, triggered through the p38MAPK-MK2-LIMK-cofilin1 signaling cascade drives the spine toward decreased size and away from a mushroom-like morphology (Honkura et al., 2008; Figure 2A). These structural changes are associated with LTD and decreased neurotransmission through the synapse.

AMPA-R trafficking mediating mGluR-LTD is largely coordinated by the expression of the activity-dependent immediate early gene, Arc/Arg3.1 (Snyder et al., 2001; Bramham et al., 2008; Park et al., 2008; Waung et al., 2008; Smith-Hicks et al., 2010; Wall et al., 2018). Transcripts of Arc/Arg3.1 are rapidly transported to dendrites, enabling locally controlled translation at post-synaptic ribosomes (Bramham et al., 2008). Protein expression of Arc/Arg3.1 is regulated at individual dendritic spines through control of translational (Waung et al., 2008); polyubiquitination and targeting for proteolysis (Mabb and Ehlers, 2010; Mabb et al., 2014; Mabb and Ehlers, 2018; Wall et al., 2018). Translation and expression of Arc/Arg3.1 facilitates AMPA-R endocytosis via interaction with cytoskeletal elements (Chowdhury et al., 2006; Waung et al., 2008; DaSilva et al., 2016; Wall and Corrêa, 2018). Although the mechanism by which the MK2 cascade may control Arc/Arg3.1 expression is unclear, the Arc/Arg3.1 gene contains the serum response element (SRE), which may be directly phosphorylated by serum response factors (SRF) (Ronkina et al., 2011), under the control of MK2. Additionally, as a master regulator of RNA-binding proteins (Soni et al., 2019), MK2 may also control the phosphorylation state of proteins involved in regulating local translation and may regulate Arc/Arg3.1 expression both at the transcriptional and local translational level.

The molecular events controlled by the p38MAPK-MK2 signaling axis mediate changes in synaptic strength that impact at cognitive and behavioral levels. Intact mGluR-LTD is necessary for maintaining cognitive flexibility (Eales et al., 2014), memory extinction (Lüscher and Huber, 2010), and setting the ground for functional long-term potentiation (LTP) at the synapse (Walsh et al., 2002), underlying the formation of new memories. The Barnes maze task, an assay for spatial learning, can be used to measure levels of cognitive flexibility, by adjusting the position of the exit hole after a period of training. While the initial spatial learning task was intact in MK2 knockout mice, they showed severe impairments in relearning the task, demonstrating a deficit in reversal learning (Privitera et al., 2019). These deficits resonate with impairments seen in Fragile-X syndrome (Bear et al., 2004) and Alzheimer’s disease (Shankar et al., 2008), which involve dysfunction of mGluR-LTD.



p38MAPK-MK2 SIGNALING AXIS AT CONFLUENCE OF INFLAMMATORY AND SYNAPTIC SIGNALING

Under inflammatory conditions, adaptive structural plasticity of dendritic spines is impaired (Zou et al., 2016) and AMPA-R internalization is increased (Park and Lee, 2013), though the mechanisms underlying these changes are not fully characterized. The p38MAPK-MK2 signaling axis, embedded both in pathways downstream of receptors for a broad range of inflammatory mediators and a necessary effector of mGluR-LTD, is a prime candidate for mediating inflammation-induced changes in neurotransmission. Activated downstream of stress and inflammatory signals in other contexts, we propose that MK2, expressed in neurons, may be an important player in the dysregulation of cognitive and effective functions following injury, infection or as a consequence of autoimmune reactions (Figure 2B).

Central to this hypothesis is the neuronal expression of receptors for cytokines and/or chemokines, PRRs and other receptors that respond to inflammatory stimuli. Indeed, many of the receptors that activate the p38MAPK-MK2 signaling axis in immune cells are also expressed in neurons, either constitutively, or induced under inflammatory conditions. Neurons constitutively express TNFR1 (Probert, 2015), while TNFR2 is largely restricted immune and glial cells. Neuronal TNFR1 can also be upregulated in response to insult (Pradillo et al., 2005), mediating processes involved in preconditioning. IL-1R, meanwhile, is expressed in neurons and, more specifically, in dendritic spines where it has been shown to influence synaptic plasticity (Prieto et al., 2015). Amongst other receptors in the IL-1R superfamily, the interleukin-18 receptor (IL-18R) is expressed in neurons, where it is involved in mediating neuronal responses to IL-18 (Alboni et al., 2010). Evidence for neuronal expression of interleukin-1 receptor like receptor (IL1RLR), also known as growth stimulation expressed gene 2 (ST2) is more limited. With expression in sensory neurons well characterized (Liu et al., 2016), but limited data supporting expression of this receptor in central neurons (Fairlie-Clarke et al., 2018).

Amongst the PRRs, there is strong evidence for both constitutive expression of TLR4 in neurons (Leow-Dyke et al., 2012), and upregulation of expression with aging and in pro-inflammatory conditions, such as high levels of extracellular Aβ (Calvo-Rodríguez et al., 2017). There is also strong evidence for endosomal TLR3 expression in neurons, where the receptor not only contributes to mediating cellular responses to pathogens, but also plays a role in regulation of neuronal morphology (Hung et al., 2018). Neuronal expression of RAGE is also well documented (Sasaki et al., 2001), with this receptor heavily implicated in the pathogenesis of neurodegenerative disorders, particularly Alzheimer’s disease (Cai et al., 2016), and in contributing to neurological sequelae associated with diabetes (Toth et al., 2007) and other systemic pathologies with an inflammatory element (Gasparotto et al., 2019). Receptors for TGF-β are also expressed in neurons, where they have been implicated in mediating cell fate in response to insult (König et al., 2005).

As described in section “Activation of p38MAPK-MK2 Signaling Axis in Response to Inflammation” above, these cytokine receptors and PRRs activate MAPK-signaling cascaded culminating in the p38MAPK-MK2 axis. As described in section “p38MAPK-MK2 Signaling Axis in Neurons,” phosphorylated MK2 regulates synaptic plasticity through transcriptional, post-transcriptional and post-translational control of a suite of effector proteins, which lead to changes in the morphology of dendritic spines and endocytosis of AMPA receptors. While this has been demonstrated in response to activation of group I metabotropic glutamate receptors (mGluR-LTD) (Eales et al., 2014), we suggest that the importance of MK2 in effector pathways downstream of cytokine receptors and PRRs make this molecule a prime candidate in translating inflammatory stimuli into neuronal responses.



CONCLUSION AND FUTURE PERSPECTIVES

A key role for the p38MAPK-MK2 signaling axis has been identified as an effector of cellular responses to inflammatory signals and stimuli. The same signaling axis has also been shown to be a key link in the processes mediating mGluR-LTD. Neuroinflammation is a ubiquitous or near ubiquitous feature of neurological disorders and we identify the p38MAPK-MK2 signaling axis as a potentially important mechanistic link between neuroinflammation and synaptic dysregulation underlying cognitive impairments in neurological disorders, such as Alzheimer’s disease. MK2-mediated mGluR-LTD is necessary for maintaining cognitive flexibility, the loss of which is an early clinical sign of Alzheimer’s disease. Inhibitors of p38MAPK have been trialed in a number of contexts where inflammation makes an important contribution to disease etiology (Lee and Kim, 2017). These inhibitors, however, have suffered from poor efficacy and a high burden of adverse effects (Hammaker and Firestein, 2010). Inhibitors which specifically target p38MAPK mediated activation of MK2 or target the activity of MK2 itself may offer more promise, with a narrower focus. The p38MAPK-MK2 signaling axis is a promising target for therapeutic intervention, where inflammation contributes to dysregulation of neuronal network activity. More evidence, however, is necessary to clarifying the contribution of this signaling axis.
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Transient receptor potential vanilloid subtype 2 (TRPV2) channel is a polymodal receptor regulating neuronal development, cardiac function, immunity and oncogenesis. The activity of TRPV2 is regulated by the molecular interactions in the subplasmalemmel signaling complex. Here by yeast two-hybrid screening of a cDNA library of mouse dorsal root ganglia (DRG) and patch clamp electrophysiology, we identified that flotillin-1, the lipid raft-associated protein, interacts with TRPV2 channel and regulates its function. The interaction between TRPV2 and flotillin-1 was validated through co-immuoprecipitation in situ using endogenous DRG neurons and the recombinant expression model in HEK 293T cells. Fluorescent imaging and bimolecular fluorescence complementation (BiFC) further revealed that flotillin-1 and TRPV2 formed a functional complex on the cell membrane. The presence of flotillin-1 enhanced the whole-cell current density of TRPV2 via increasing its surface expression levels. Using site-specific mapping, we also uncovered that the SPFH (stomatin, prohibitin, flotillin, and HflK/C) domain of flotillin-1 interacted with TRPV2 N-termini and transmembrane domains 1–4, respectively. Our findings therefore demonstrate that flotillin-1 is a key element in TRPV2 signaling complex and modulates its cellular response.

Keywords: TRPV2, flotillin-1, protein–protein interactions, protein stability, thermal sensation


INTRODUCTION

Transient receptor potential vanilloid type 2 (TRPV2) was firstly identified in 1999. It has been proposed to mediate responses to noxious thermal (52°C) stimuli in medium- to large-diameter sensory neurons (Caterina et al., 1999). TRPV2 is a Ca2+-permeable and polymodal channel modulated by mechanical stretch, heat, osmotic swelling, and endogenous and exogenous chemical modulators such as 2-aminoethoxydiphenyl borate (2-APB), cannabinoids, probenecid, amiloride and SKF96365 (Bang et al., 2007; Colton and Zhu, 2007; Juvin et al., 2007; Qin et al., 2008). TRPV2 is a well-conserved channel protein expressed in almost all tissues, such as the central and peripheral nervous systems, the immune system, and the muscular system. Structurally, mammalian TRPV2 consists of a 6 transmembrane (TM)-domain structure flanked by a large cytosolic N- and C- terminus with a pore-forming loop between the fifth and sixth TM domains (Huynh et al., 2016). Recent research on TRPV2 has made remarkable progress, especially in terms of the discovery of its physio-pathological functions. In addition to being a thermosensor for noxious heat, the widespread distribution of TRPV2 has been implicated in developing axon outgrowth (Shibasaki et al., 2010), various osmo- or mechanosensation (Donate-Macian et al., 2019), physiological cardiac structure maintenance and function (Katanosaka et al., 2014), insulin secretion (Aoyagi et al., 2010), proinflammatory processes (Entin-Meer et al., 2017), immune activity (Link et al., 2010; Santoni et al., 2013).

TRPV2 channel is organized in signaling complexes, where its function is regulated by protein–protein interactions. For instance, TRPV2 channel biogenesis is associated with post-translational modification such as recombinase gene activator protein (RGA)-related glycosylation (Stokes et al., 2005) and protein kinase A (PKA)-mediated phosphorylation (Stokes et al., 2004). In addition, certain signaling molecules have been documented to regulate the channel expression. TRPV2 protein levels are upregulated by nerve growth factor (NGF) via the mitogen-activated protein kinase (MAPK) signaling pathway (Cohen et al., 2015). Antiaging gene Klotho enhances glucose-induced insulin secretion by increasing plasma membrane levels of TRPV2 and thus calcium influx (Lin and Sun, 2012). Other modulators have also been shown to affect TRPV2 function. For example, phosphatidylinositol 4,5-bisphosphate (PIP2) depletion contributes to Ca2+-dependent desensitization of TRPV2 (Mercado et al., 2010). Inflammatory factors like TNF−α facilitate TRPV2 responses in human dental pulp cells (Liu et al., 2019). Further identification of binding partners will help to deepen the understanding of the regulatory mechanisms of TRPV2.

The flotillin (FLOT)/reggie protein family is integral membrane element and contains two isoforms: flotillin-1 (reggie-2) and flotillin-2 (reggie-1) (Schulte et al., 1997; Browman et al., 2007). Their C-terminal flotillin domains are required for the oligomerization, while the N-terminal SPFH (stomatin, prohibitin, flotillin, and HflK/C) domain is mainly responsible for membrane interactions (Solis et al., 2007; Bodin et al., 2014). Flotillin-1 is highly expressed in the nervous system and has been identified as an evolutionarily conserved protein involved in learning and memory (Monje et al., 2013). Flotillin-1 participates in various cellular functions, including cell adhesion, actin cytoskeleton reorganization, endocytosis, phagocytosis and the transduction of cellular signals (Langhorst et al., 2005). Moreover, flotillins are considered to be scaffolding proteins of lipid rafts and are preferentially associated with many other proteins. Flotillins interact with Src family kinase Fyn and contribute to the formation of signal transduction centers in adipocytes, T lymphocytes, and neurons (Stuermer et al., 2001; Liu et al., 2005). Flotillin-1 interacts with CAP, Vinexin α and ArgBP2, respectively, and regulates the organization of the actin cytoskeleton (Kimura et al., 2001). Cornfine et al. (2011) reported that flotillin-2 interacted with kinesin KIF9 and regulated matrix degradation by macrophage podosomes. In addition, flotillins have also been suggested to be associated with several ion channels, including the NR2A and NR2B subunits of NMDA receptors (Swanwick et al., 2009), Nav1.5 channels (Kessler et al., 2019), Kv2.1 channels (Liu et al., 2016), voltage-gated calcium channels (Robinson et al., 2010), calcium-activated chloride channels (Sones et al., 2010), aquaporin 5 (Wang et al., 2011), GABAA receptor (Nothdurfter et al., 2013), and the purinergic P2X3 receptor (Vacca et al., 2004) in different tissues. Nevertheless, the role of flotillins in regulating TRPV2 functions remains unaddressed.

Here combining yeast two-hybrid screening, immuno-precipitation and BiFC imaging, we demonstrate that flotillin-1 interacts with TRPV2 channel at the protein level. Heterologous co-expression of flotillin-1 increased the whole-cell current density of TRPV2 as a result of enhanced surface expression. Moreover, we show that the N-terminus and TM domains (1–4) of TRPV2 interact with the SPFH domain of flotillin-1 in the multiprotein assembly. Our findings thus indicate that flotillin-1 regulates TRPV2 channel cellular response by sustaining its surface stability.



MATERIALS AND METHODS


cDNA Constructs

The wild-type rat TRPV2 and TRPV1 cDNAs were kindly provided by Dr. Feng Qin (State University of New York at Buffalo, Buffalo). The pFlotillin-1-NsfGFP, pFlotillin-1-CsfGFP, pFlotillin-2-NsfGFP, pFlotillin-2-CsfGFP, pCsfGFP and pNsfGFP cDNAs were generously provided by Dr. Yu Ding (Fudan University, China). The full-length of flotillin-1 and flotillin-2 were cloned from the mouse dorsal root ganglion (DRG) cDNA library. For the expression in mammalian cells, the cDNAs of TRPV2, flotillin-1, and flotillin-2 were introduced into p3 × Flag-cmv-7.1, pEGFP-N1, or pcDNA5-HA, as indicated. The Flag-tags or HA-tags were fused to the N terminus of the target proteins, and EGFP was tagged to the C terminus of the proteins of interest. All recombinant constructs and mutations were carried out using the overlap-extension polymerase chain reaction (PCR) method. The resulting constructs and mutations were then verified by DNA sequencing. Oligo DNAs targeting flotillin-1 were synthesized, annealed and inserted into pLenti-GFP vector. The sequences of shRNA against flotillin-1 are as follows: #1, 5′- GGGACTATGAGCTGAAGAA-3′; #2, 5′-GCGTGGTTAGCTACACTTT-3′.



Cell Culture and Transfection

All mice were housed in the specific pathogen-free animal facility at Wuhan University and all animal experiments were in accordance with protocols approved by the Institutional Animal Care and Use Committee of Wuhan University (NO. WDSKY0201804). Primary culture of DRG neurons was established following enzymatically and mechanically dissociation of the ganglia as described before with minor modification (Tian et al., 2019). In brief, 6 to 8-week-old wild-type C57 BL/6 mice were deeply anesthetized and then decapitated. L3–L4 DRGs together with dorsal-ventral roots and attached spinal nerves were taken out from the spinal column. After removing the attached nerves and surrounding connective tissues, DRG neurons were rinsed with ice-cold phosphate buffer saline (PBS). Then total RNA was extracted from the intact DRG for yeast cDNA library construction using TRIzol (Life Technologies) following the manufacturer’s instructions or directly homogenized DRG neurons for immunoprecipitation experiment.

HEK 293T and ND7/23 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific, MA, United States) containing 4.5 mg/ml glucose, 10% heat-inactivated fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific), 50 units/ml penicillin, and 50 μg/ml streptomycin, and were incubated at 37°C in a humidified incubator gassed with 5% CO2. Cells grown into ∼80% confluence were transfected with the desired DNA constructs using either the standard calcium phosphate precipitation method or Lipofectamine 2000 (Invitrogen) following the protocol provided by the manufacturer. Transfected HEK 293T cells were reseeded on 12 mm round glass coverslips coated by poly-L-lysine for electrophysiological experiments. Experiments took place usually 12–24 h after transfection.



Generation of TRPV2 Stable Cell Lines

For generation of stable cell lines, HEK 293T cells were transiently transfected with pHAGE-6tag-puro-TRPV2 using Lipofectamine 2000 (Invitrogen). Transfected cells were grown for 2 weeks in puromycin in order to select for stable expressing cells. Non-transfected cells were killed by additions of puromycin (2 μg/ml) 2 days after treatment. The surviving cells were resistant to puromycin, and these cells were successfully expressed with Trpv2 gene. Medium was replaced every 2–3 days until single colonies were formed, then the stable cell lines were placed in a complete medium containing 1 μg/ml puromycin.



Yeast Two-Hybrid Assay

Yeast two-hybrid screen was conducted using the Matchmaker GAL4-based two-hybrid system (Clontech) as previously described (Wang et al., 2020). Briefly, the mouse DRG cDNA library was fused to the GAL4 activation domain of plasmid pGADT7 (Clontech). The titer of the primary cDNA library was calculated using the number of clones on plates. Colony PCR was used to verify the size of the inserted fragments in the library. Bait plasmid was constructed by introducing the N-terminal (aa 1–387) of TRPV2 into the GAL4 DNA binding domain of the pGBKT7 vector (Clontech). The pGBK-bait was transformed into the yeast strain Y187 and pGAD-preys into AH109. Cytotoxicity and self-activation activity were determined via observing yeast clone growth and size. Diploid yeast cells from yeast mating were selected on the triple dropout medium (TDO: SD/-His/-Leu/-Trp). Replica plate colonies were then transferred onto quadruple dropout medium (QDO: SD/-Ade/-His/-Leu/-Trp) containing X-α-Gal (4 mg/mL). X-α-gal was used as substrate for colorimetric detection of α-galactosidase activity. Plates were incubated at 30°C for 7 days. Plasmids extracted from the positive clones were transformed into E. coli cloning host DH5α to be amplified, and samples were then sequenced individually. BLAST comparisons and other bioinformatics methods were applied for sequence analysis. Thereafter, the bait and prey plasmids in different combinations were sequentially co-transformed into yeast stain AH109 and selected on double dropout medium (DDO: SD/-Leu/-Trp) and incubated at 30°C for 3–4 days. Then the positive clones were diluted and equally coated onto SD/-Leu/-Trp/-His/-Ade medium with X-α-gal and SD/-Leu/-Trp medium and cultured at 30°C for 3–4 days. In parallel, the combination of pGBKT7-53/pGADT7-T and pGBKT7-Lam/pGADT7-T were used as positive and negative controls, respectively.



Chemicals and Antibodies

Key antibodies and reagents used in this study were as bellow.
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Immunoprecipitation and Western Blot

Immunoprecipitation were performed as previously described (Wang et al., 2020). In brief, cells were harvested 24 h post-transfection and lysed in Non-idet P-40 lysis buffer containing 150 mM NaCl, 1 mM EDTA, 20 mM Tris–HCl, 1% Non-idet P-40, and 1% complete protease and phosphatase inhibitor cocktail (Bimake). Lysates were cleared of debris by centrifugation at 14,000 rpm for 10 min. The supernatants were collected and immunoprecipitated with the indicated antibodies and Protein G agarose beads for 2 h. The immunoprecipitants were washed with 1 ml lysis buffer containing 500 mM NaCl for three times followed by immunoblotting assay. Samples were loaded into 4–20% or 12% SDS-PAGE gels and electrophoretically separated according to the manufacturer’s instructions (125 V for 60 min in Running Buffer).



Fluorescence Confocal Microscopy

HEK 293T cells transfected with the desired plasmids were fixed with 4% paraformaldehyde (Biosharp, BL539A) for 10 min at 4°C and the nuclei were counterstained with DAPI (Merck, D5492) for 15 min at room temperature in the dark, and washed three times with phosphate buffered saline (PBS). The cells were scanned and images were collected using a Leica SP8 confocal microscopy (63× oil objective NA 1.35).



Surface Biotinylation Assay

Surface biotinylation was performed following established protocols (Wang et al., 2018). Cells were firstly washed three times with the ice-cold PBS solution supplemented with 1 mM MgCl2 and 2.5 mM CaCl2 (pH 8.0). Then Sulfo-NHS-LC-Biotin (0.25 mg/ml; Thermo Scientific, Waltham, MA, United States) was added into the same solution and incubated with cells at 4°C for 30 min with gentle rocking. The unbound biotin group was quenched by the addition of 0.1 M glycine for 20 min at 4°C. Biotin-labeled proteins were isolated by incubating whole cell lysates with NeutrAvidin agarose beads (Thermo Fisher Scientific) overnight at 4°C with rocking. The beads were washed three times with PBS (pH 8.0) and bound proteins were eluted with the boiling SDS sample buffer and used for immunoblotting.



Electrophysiology

Conventional whole-cell patch-clamp recording methods was used. For the recombinant expressing system, green fluorescent from EGFP was used as a marker for gene expression. Currents were amplified using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, United States) and recorded through a BNC-2090/MIO acquisition system (National Instruments, Austin, TX, United States) using QStudio developed by Dr. Feng Qin at State University of New York at Buffalo. Whole-cell recordings were typically sampled at 5 kHz and low-pass filtered at 1 kHz.

Bath solution for whole-cell recording consisted of (mM): 140 NaCl, 5 KCl, 3 EGTA, and 10 HEPES, pH 7.4 adjusted with NaOH. Electrodes were filled with (mM): 150 CsCl, 5 EGTA, 10 HEPES, pH 7.4 adjusted with CsOH. Recording pipettes were made from borosilicate glass capillaries (World Precision Instruments), and fire-polished to a resistance between 2 and 4 MΩ when filled with electrode saline. 2-Aminoethyl diphenylborinate (2-APB) was dissolved in DMSO to make a stock solution. All the stocks were diluted in the bath solution to the desired concentrations right before the experiment. Exchange of external solutions was performed using a gravity-driven local perfusion system. As determined by the conductance tests, the solution around a patch under study was fully controlled by the application of a solution with a flow rate of 100 μl/min or greater. All pharmacological experiments met this criterion. Unless otherwise noted, all chemicals were purchased from Sigma (Millipore Sigma, St. Louis, MO, United States). All patch-clamp recordings were made at room temperature (22–24°C) except for temperature stimulation.



Ultrafast Temperature Jump Achievement

A single emitter infrared laser diode (1,550 nm) was designed to produce temperature jumps as previously described (Yao et al., 2009). The laser diode was driven by a pulsed quasi-CW current power supply (Stone Laser, Beijing, China), and pulsing of the controller was controlled from a computer through BNC-2090/MIO data acquisition card, which was also responsible for patch-clamp recordings. The launched laser beam was transmitted by a multimode fiber with a core diameter of 100 μm. A blue laser line (460 nm) was coupled into the same fiber to aid alignment. Temperature was calibrated offline from the electrode current based on the temperature dependence of electrolyte conductivity. The temperature threshold for heat activation of TRPV2 was determined as the temperature at which the slow inward current was elicited.



Data Analysis

Densitometry was performed using ImageJ software for the quantitative analysis of the bands on the western blots. Electrophysiological data were analyzed offline with Qstudio developed by Dr. Feng Qin at State University of New York at Buffalo, Clampfit (Molecular Devices, Sunnyvale, CA, United States), IGOR (Wavemetrics, Lake Oswego, OR, United States), SigmaPlot (SPSS Science, Chicago, IL, United States) and OriginPro (OriginLab Corporation, MA, United States). For concentration response analysis, the modified Hill equation was used: Y = A1 + (A2 − A1)/[1 + 10 ^ (logEC50 − X) ∗ nH], in which EC50 is the half maximal effective concentration, and nH is the Hill coefficient. Unless stated otherwise, the summary data are presented as mean ± standard error (s.e.m.) or mean ± standard deviation (S.D.) as indicated, with statistical significance assessed using unpaired student t-test for two-group comparison. Significant difference is indicated by a p-value less than 0.05 (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).



RESULTS


Flotillin-1 Physically Interacts With TRPV2 Channel

In an attempt to identify biomolecular partners directly interacting with TRPV2 channel, we embarked on a yeast two-hybrid approach. Specifically, we screened a cDNA library prepared from mouse DRG using the cytosolic N-terminus of mouse TRPV2 as a bait. In the screen, 36 positive clones were subjected to sequencing. One of the positive clones harbored a 747-bp cDNA fragment that corresponds to amino acid residues 1–249 of flotillin-1. We thus chose flotillin-1 as the target protein. To validate the interaction, flotillin-1-pGADT7 was co-transformed with TRPV2-Nt-pGBKT7 into the yeast reporter strain AH109, and the transformants at serial dilutions were cultured under a SD/-Ade/-His/-Leu/-Trp selective condition and subjected to X-α-gal assay. In addition, the 53-T and Lam-T were also expressed and served as positive and negative controls, respectively. As illustrated in Figure 1A, only cells containing both plasmids encoding flotillin-1 and TRPV2-Nt or the combination of pGBK-53 and pGAD-T, but not the control cells, were able to grow in the selective medium. This result indicates that flotillin-1 interacts with the N-terminus of TRPV2.
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FIGURE 1. Flotillin-1 physically interacts with TRPV2. (A) Yeast two-hybrid results showing the interaction between TRPV2 N-terminus (V2-Nt) and flotillin-1. The bait and prey constructs were co-transformed into yeast strain AH109, and the transformed yeast diploids were grown on DDO for 2 days and QDO for 5 days, respectively. The 53-T and Lam-T were served as positive and negative controls, respectively. DDO, SD-Leu/-Trp medium; QDO, SD-Leu/-Trp/-His/-Ade medium; X, X-α-gal. (B) Immunoprecipitation (with anti-TRPV2, anti-Flotillin-1, or IgG as a control) and immunoblot analysis (with anti-TRPV2 or anti-Flotillin-1) of the mouse DRG neurons. (C) Interaction between flotillin-1 and TRPV2. HEK 293T cells were transfected with plasmids as indicated. Immunoprecipitation (IP, with anti-Flag) and immunoblot analysis (with anti-GFP and anti-Flag) of the interaction between TRPV2 and flotillin-1. (D) No interaction between flotillin-1 and TRPV1. Immunoprecipitation (with anti-Flag) and immunoblot analysis (with anti-GFP and anti-Flag) of HEK 293T cells transfected with plasmids encoding Flag-tagged TRPV1 and GFP-tagged flotillin-1. (E) No interaction between TRPV2 and flotillin-2. Immunoprecipitation (with anti-Flag) and immunoblot analysis (with anti-GFP and anti-Flag) of HEK 293T cells transfected with plasmids encoding Flag-tagged TRPV2 and GFP-tagged flotillin-2. Data are representative of three independent experiments at least.


We next determined whether flotillin-1 interacted with TRPV2 in endogenous adult DRG neurons using coimmunoprecipitation (co-IP) strategy. As shown in Figure 1B, in primary cultures of mouse DRG neurons, flotillin-1 robustly coimmunoprecipitated with TRPV2 and vice versa. Further, in mammalian HEK 293T cells, flotillin-1-GFP was also co-immunoprecipitated by TRPV2-Flag with Flag beads, confirming that flotillin-1 associated with the full length of TRPV2 (Figure 1C). However, TRPV1-Flag could not be precipitated by flotillin-1-GFP with Flag beads, implying that flotillin-1 does not interact with TRPV1 (Figure 1D).

Flotillin-1 and flotillin-2 usually form a heterodimer or oligomer complex (Liu et al., 2016; Gauthier-Rouvière et al., 2020). Thus, it is interesting to investigate whether flotillin-2 also interacted with TRPV2 channel. To this aim, co-immunoprecipitation was performed in HEK 293T cells with ectopically expressed flotillin-2 and full-length of TRPV2. As shown in Figure 1E, there was no interaction between flotillin-2 and TRPV2. Therefore, these observations imply that flotillin-1 physically interacts with TRPV2 channel.



Visualization of Flotillin-1-TRPV2 Complex by Immunofluorescent Imaging and BiFC

To further confirm the interaction between flotillin-1 and TRPV2, we co-expressed red fluorescent TRPV2-mcherry and green fluorescent flotillin-1-GFP in HEK 293T cells. Fluorescent imaging by confocal microscope showed apparent co-localization between TRPV2 and flotillin-1 (Figure 2A), as confirmed by quantitative analysis (Pearson’s coefficient = 0.891, Figures 2B,C).
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FIGURE 2. Fluorescence images show co-localization of TRPV2 and flotillin-1. (A) Co-localization of TRPV2 and flotillin-1. HEK 293T cells were co-transfected with mcherry-TRPV2 (red) and GFP-flotillin-1 (green) and examined with confocal microscopy. In the merged images, the extensive co-localization of the two proteins was represented by yellow. (B) The fluorescence intensity scatterplot showed a clear linear relationship, with a Pearson’s correlation coefficient value of 0.891. (C) The plot of fluorescence intensities between the red and green pixels along a section through the cell body as indicated in (A) indicated a well-correlated relationship between green and red. (D) Validation of the interaction between TRPV2 and flotillin-1 by bimolecular fluorescence complementation (BiFC) analysis. The confocal images of HEK 293T cells co-expressed with the indicated constructs, showing that strong fluorescence at the cell membrane region for that co-expressing TRPV2-NsfGFP and flotillin-1-CsfGFP, which is line with the green fluorescence observed from the BiFC complex formed by flotillin-1-CsfGFP and flotillin-2-NsfGFP. No detectable sfGFP fluorescence for HEK 293T cells co-expressed with NsfGFP and flotillin-1-CsfGFP or the combination of TRPV2-NsfGFP and CsfGFP. Nuclei were stained with DAPI. Scale bar: 10 μm. Data are representative of three independent experiments.


Next, we employed the high-throughput bimolecular fluorescence complementation (BiFC) technique that enables the direct visualization of molecular interactions in the cell. Briefly, GFP molecule is splitted into two fragments that individually lack fluorescence and then conjugated to different proteins. Only when the two conjugated proteins interact at the molecular level, GFP fluorescence could be reconstituted. Considering that flotillin-1 and flotillin-2 have been demonstrated to form both homo- and hetero-oligomeric complexes (Babuke et al., 2009), a pair of BiFC constructs (flotillin-2-NsfGFP and flotillin-1-CsfGFP) were co-transfected into HEK 293 cells as a positive control. As expected, this produced GFP green fluorescence on the cell membrane (Figure 2D). In contrast, in cells expressing the negative control constructs (flotillin-1-CsfGFP vs. NsfGFP or TRPV2-NsfGFP vs. CsfGFP), we observed no fluorescent signals (Figure 2D). Next, the similar approach was carried out to evaluate the interaction between flotillin-1 and TRPV2. Co-expression of TRPV2-NsfGFP and flotillin-1-CsfGFP in HEK 293T cells displayed significant green fluorescence on cell surface (Figure 2D), thus validating the molecular combination between flotillin-1 and TRPV2.



Flotillin-1 Increases Current Density of TRPV2

As having confirmed that flotillin-1 associates with TRPV2, we next evaluated the functional consequence by patch clamp electrophysiology. Figure 3A shows representative traces of whole-cell currents recorded from HEK 293T cells expressing TRPV2 alone or TRPV2 and flotillin-1. With the cells held at −60 mV, 2-APB-evoked whole-cell currents were recorded in response to different doses of 2-APB. The concentration-response curves to 2-APB were fitted with a Hill equation, and the corresponding EC50 values and Hill coefficients (nH) for TRPV2 and TRPV2 co-expressed with flotillin-1 were not significantly changed by the presence of flotillin-1 (Figure 3B, EC50 = 3.01 ± 0.04 mM, nH = 5.72 ± 0.4 for TRPV2 and EC50 = 2.44 ± 0.04 mM, nH = 5.43 ± 0.32 for TRPV2 + flotillin-1). However, the TRPV2 current density calculated from steady-state currents yielded a remarkable increase in the presence of flotillin-1 as compared with recordings without flotillin-1, e.g., 361.4 ± 57.9 pA/pF (n = 8) versus 224.6 ± 30.7 pA/pF (n = 8) evoked by 5 mM 2-APB (Figure 3C).
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FIGURE 3. Flotillin-1 enhances TRPV2 activity. (A) Representative whole-cell recording in HEK 293T cells expressed TRPV2 alone (upper), and TRPV2 + flotillin-1 (lower), showing that 2-APB activated TRPV2 channels in a dose-dependent manner. Holding potential was –60 mV. (B) Dose–response curves for 2-APB-evoked currents. Solid lines indicate fits with the Hill equation, which yielded EC50 = 3.01 ± 0.04 mM, nH = 5.72 ± 0.4 for TRPV2 (n = 8); and EC50 = 2.44 ± 0.04 mM, nH = 5.43 ± 0.32 for TRPV2 + flotillin-1 (n = 8). (C) Summary plot of current density. The current densities evoked by 2-APB were determined by normalizing the membrane peak current by membrane capacitance (n = 8). ***P < 0.001. (D) Representative responses to a family of temperature jumps ranging from 42 to 57°C for HEK 293T cells that expressed TRPV2 alone (left), and TRPV2 + flotillin-1 (right). Temperature pulses stepped from room temperature were generated by laser irradiation were 100 ms long and had a rise time of 2 ms. Temperatures were calibrated offline from the pipette current using the temperature dependence of electrolyte conductivity. The red traces indicate the response at 53°C. (E) Temperature response curves for TRPV2 (black), TRPV2 + flotillin-1 (red), measured from the maximal currents at the end of temperature steps. Each curve represents measurements from an individual cell and the responses were normalized to the maximum responses at 59°C. (F) Comparison of temperature threshold for heat activation of TRPV2. Different symbols represent individual data points. The mean temperature thresholds (Tthreshold) of activation were 52.5 ± 0.8°C for TRPV2 (n = 10), 52.1 ± 0.9°C for TRPV2 + flotillin-1 (n = 9). P = 0.335. (G) Arrhenius plot of steady-state currents shown in (D). The major component of the reflection that represents the strong temperature dependence was fitted to a linear equation. (H) Comparison of temperature dependence of TRPV2 and TRPV2 + flotillin-1. The values of Q10 derived from the linear fits in Arrhenius plot were as following, Q10 = 154.1 ± 18.2 for TRPV2 (n = 10), Q10 = 159.1 ± 18.2 for TRPV2 + flotillin-1 (n = 9). Colored symbols indicate individual data points. P = 0.566. (I) Summary of current density for temperature (59°C)-activated TRPV2 currents at –60 mV are shown. The current densities were 487.9 ± 90.8 pA/pF for TRPV2 (n = 10) and 697.9 ± 71.5 pA/pF for TRPV2 + flotillin-1 (n = 9); ***p < 0.001. Error bars represent SD.


TRPV2 channel is also a thermal sensor responding to noxious temperature for pain initiation. We next explored whether flotllin-1 modulates TRPV2 thermal responses. We used an infrared laser diode as a heat source to increase single cell temperatures under millisecond. HEK 293T cells expressing TRPV2 were held at −60 mV when the temperature jumps were delivered (Figure 3D). Plotting the relative responses against the step temperatures, we observed that the thermal activation profiles remained same for TRPV2 channels expressed with or without Flotillin-1 (Figures 3E,F). Using an Arrhenius plot of the amplitudes (Figure 3G), we determined the temperature coefficient (Q10) for TRPV2 (Figure 3H) and found no change in the presence of flotillin-1 (Figure 3F). By calculating the current density, however, we observed that flotillin-1 co-expression led to a significant increase in TRPV2 current density evoked by temperature jumps (Figure 3I). Together, our data suggests that flotillin-1 upregulates the current density of TRPV2 without altering the sensitivity to agonistic or thermal activations.



Flotillin-1 Increases Membrane Expression of TRPV2

The increase in whole-cell current density suggests an enhanced surface expression levels of the ion channel. We then explored the influence of flotillin-1 on TRPV2 surface expression level. Flotillin-1-GFP and TRPV2-Flag were co-expressed in HEK 293T cells. The amounts of surface-expressed and total Flag-TRPV2 proteins were determined by surface biotinylation and western blotting, respectively. As revealed in Figure 4A, along with the amount of transfected flotillin-1 increased, the expression level of TRPV2 on the plasma membrane was proportionally upregulated. In this condition, however, the total amount of TRPV2 was unaffected. Since flotillin-1 is expressed on the inner side of the membrane, it cannot be directly biotinylated in the case of no TRPV2 expression (Figure 4A). Being co-expressed with TRPV2, flotillin-1 turned to be biotinylated as expected by their physical interaction (Figure 4A). With the sufficiently increased expression of flotillin-1, TRPV2 surface expression showed a nearly twofold increase compared with the control group (Figure 4B). In addition, we explored the effect of overexpressed flotinllin-1 on TRPV2 protein expression in ND7/23 cells, a hybridization line of mouse neuroblastoma and rat DRG neuron (Wood et al., 1990), that express endogenous TRPV2. As illustrated in Figures 4C,D, transfection of flotinllin-1 in ND7/23 cells proportionally increased the surface expression, but not the total amount of TRPV2 channel. These findings are consistent with the increased TRPV2 current density following flotillin-1 overexpression (Figure 2). Next, we evaluated the regulatory effect of endogenous flotillin-1 on TRPV2 expression using shRNA-mediated knockdown. As shown in Figure 4E, shFlotillin-1 #2 could remarkably inhibit the expression of endogenous flotillin-1, we used it for the following experiments. Then the surface biotinylation experiment was performed in ND7/23 cells to detect the shRNA impact on the total and surface expression of TRPV2. Quantitative analysis showing that ∼80% reduction in flotillin-1 protein levels by transfection with shFlotillin-1 #2. As expected, the knockdown of endogenous flotillin-1 indeed reduced the surface expression of TRPV2 (Figure 4F). We further examined the effects of flotillin-1 knockdown on the electrophysiological activity of TRPV2. As illustrated in Figures 4G,H, we compared TRPV2 function by activating the channel with increasing concentrations of 2-APB at the holding potential of −60 mV. Fitting the dose-response curves with the Hill equation yielded similar EC50 values and Hill coefficients (nH) for TRPV2 co-expressed with shFlotillin-1 #2 or not (EC50 = 2.95 ± 0.06 mM, nH = 5.84 ± 0.72 for TRPV2, n = 8; and EC50 = 3.39 ± 0.02 mM, nH = 6.87 ± 0.17 for TRPV2 + shFlotillin-1 #2, n = 8). The current density, however, showed a significant difference, e.g., 230.9 ± 26.8 pA/pF (n = 8) for TRPV2 and 152.6 ± 28.6 pA/pF (n = 8) for TRPV2 + shFlotillin-1 #2 evoked by 5 mM 2-APB, respectively (Figure 4I). Taken together, our results suggest that flotillin-1 exerts a role in regulating the surface expression levels of TRPV2, thereby its whole-cell current density.
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FIGURE 4. Flotillin-1 enhances the surface expression levels of TRPV2. (A) Increased surface expression of TRPV2 by flotillin-1. HEK 293T cells were transiently transfected with TRPV2 with GFP or increased flotillin-1 as indicated. Surface levels of TRPV2 were measured by IB after plasma membrane proteins were biotinylated and purified with NeutrAvidin agarose beads. β-actin and Na+/K+ ATPase were used as controls for cytoplasmic and membrane proteins, respectively. (B) Quantitative analysis of the fold increase of TRPV2 on the plasma membrane by co-expression with flotillin-1 in HEK 293T cells (n = 4; means ± SD). (C,D) ND7/23 cells were transiently transfected with increasing amounts of flotillin-1-GFP cDNA. Similarly, surface levels of TRPV2 were measured by IB after plasma membrane proteins were biotinylated and purified with NeutrAvidin agarose beads. Blots are representatives of three independent experiments. Error bars represent SD. (E) Immunoblot analysis (with anti-flotillin-1) of ND7/23 cells transfected for 36 h with plasmids encoding flotillin-1-targeting shRNA (shFlotillin-1 #1, and shFlotillin-1 #2) or control shRNA (shCon) to test efficiency of shRNA. (F) Effect of knocking down flotillin-1 on the surface expression of TRPV2 in ND7/23 cells. The cell surface biotinylation assay was used to measure the surface levels of TRPV2 in ND7/23 cells that were stably transfected with shCon or shFlotillin-1 #2. Below showing the quantitative analysis of the relative protein levels of TRPV2 and flotillin-1 caused by shFlotillin-1 #2. Data are representative of three independent experiments. (G) Whole-cell recordings in HEK 293T cells expressed TRPV2 alone (upper), and TRPV2 + shFlotillin-1 (lower), showing that 2-APB dose-dependently activated TRPV2 channels. Holding potential was –60 mV. (H) Dose–response curves for 2-APB-evoked currents. Solid lines indicate fits with the Hill equation, which yielded EC50 = 2.95 ± 0.06 mM, nH = 5.84 ± 0.72 for TRPV2 (n = 8); and EC50 = 3.39 ± 0.02 mM, nH = 6.87 ± 0.17 for TRPV2 + shFlotillin-1 (n = 8). (I) Summary plot of current density. The current densities evoked by 2-APB were determined by normalizing the membrane peak current by membrane capacitance. (n = 8). ***P < 0.001.




Flotillin-1 Sustains the Surface Stability of TRPV2

To understand the effect of filotillin-1 on TRPV2 surface expression, we examined the steady-state protein level and the turnover rate. ND7/23 cells were transfected with flotillin-1-GFP or the GFP control vector. The stability of TRPV2 was measured by immunoblotting after treatment with the protein synthesis inhibitor cycloheximide (CHX, 100 μg/mL). In the absence of flotillin-1, TRPV2 is relatively unstable, showing a degradation kinetics that reaches ≥80% elimination upon 20 h translational arrest. On the contrary, in the presence of flotillin-1 the channel exhibited significantly slower elimination kinetics and reduced degradation rate, as only about half of TRPV2 faded away after 20 h (Figures 5A,B). We next sought to examine the degradation rate of surface-expressed TRPV2 following shRNA-mediated flotillin-1 knockdown. As expected, with flotillin-1 knockdown, the membrane TRPV2 exhibited a faster degradation rate (Figures 5C,D). Thus, flotillin-1 plays a role in sustaining TRPV2 protein stability and facilitates its surface expression.
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FIGURE 5. Flotillin-1 sustains the surface stability of TRPV2. (A) Immunoblotting analysis of TRPV2 in ND7/23 cells time-dependently treated with the protein synthesis inhibitor cycloheximide (CHX, 100 μg/ml) after being transiently transfected with GFP-tagged flotillin-1 or GFP. After plasma membrane proteins were biotinylated and purified with streptavidin-agarose, the surface levels of TRPV2 were analyzed by IB. (B) Quantitation of the surface levels of TRPV2 after treatment using CHX. Quantitation was performed by digitizing the immunoblots. (C) CHX-chase experiment assessing the surface stability of TRPV2 in ND7/23 cells that expressed shCon or shFlotillin-1 #2. Cells were treated with 100 μg/ml of CHX for indicated times. (D) Quantification of the surface levels of TRPV2, showing a marked accelerate in endogenous TRPV2 degradation kinetics by knocking down flotillin-1 when compared to control cells. Data are representative of three independent experiments.




Mapping of the Interaction Domains Between TRPV2 and Flotillin-1

Next, we determined which molecular regions of TRPV2 and flotillin-1 proteins were responsible for their interaction. Structurally, TRPV2 has six transmembrane (TM) domains flanked by intracellular N- and C-terminal domains, and a short pore-forming loop between the fifth (TM5) and sixth (TM6) transmembrane. In order to define the regions interacting with flotillin-1, we constructed various GFP-tagged deletions of TRPV2 as illustrate in Figure 6A. They were then individually co-expressed with FLAG-tagged-flotillin-1 in HEK 293T cells for co-IP evaluation. Flotillin-1 was strongly precipitated with TRPV2 N-terminus (aa 1–387) and transmembrane domains 1–4 (aa 388–520), respectively. In contrast, neither the pore region (aa 521–649) nor C-terminus (aa 650–762) showed interaction with flotillin-1, indicating N-termius and TM 1–4 of TRPV2 are required for the protein interaction (Figure 6B). Similarly, we further mapped the molecular domains of flotillin-1 that mediated its interaction with TRPV2. As shown in Figure 6C, two truncations of flotillin-1 were constructed, including SPFH domain (aa: 1–189), and Flotillin domain (aa: 190–427). Figure 6D shows that TRPV2-Flag could be precipitated by the SPFH domain, but not the Flotillin domain. These results thus indicate that the SPFH domain of flotillin-1 and the N-terminus and TM 1–4 of TRPV2 are required for their interaction.
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FIGURE 6. Identification of interaction domains for the association between TRPV2 and flotillin-1. (A) A schematic representation of full-length TRPV2, its mutants that were studied, and their abilities to interact with flotillin-1. The number denotes the position of the amino acid residues. (B) N-terminal region and transmembrane domains 1–4 of TRPV2 are responsible for the interaction between TRPV2 and flotillin-1. HEK 293T cells were transiently transfected with different truncation mutants tagged with GFP and flotillin-1-Flag as indicated. Cell lysates were immunoprecipitated with anti-Flag agarose beads and analyzed by IB using anti-GFP and anti-Flag, respectively. Whole-cell lysates were also used for IB with anti-GFP and anti-Flag for input. (C) Schematic diagram of composition of mutant flotillin-1 including SPFH domain (aa 1–189), and flotillin domain (aa 190–427), and as well as their abilities to interact with TRPV2. (D) HEK 293T cells were transfected with TRPV2-Flag and different mutant flotillin-1 fused with GFP as indicated. Cell lysates were subjected to IP by anti-Flag, followed by IB for anti-GFP and anti-Flag, respectively. Note, molecular weight standards (in KD) are shown on the left. TM, transmembrane. Data are representative of three independent experiments.




DISCUSSION

The regulatory interactions between TRP channel and signaling molecules, and the formation of these protein complexes have a significant effect on their functions (Barnhill et al., 2004; Stokes et al., 2004; Zhang et al., 2008; Kim et al., 2011). Thus, the identification and characterization of TRPV2-interacting proteins are pivotal for a better understanding of the physiology of this thermo TRP channel. Here, we demonstrate that the scaffold protein flotillin-1 directly complexes with TRPV2 in both heterologous cell expression system and native DRG sensory neurons. The N-terminus (aa 1–387), the region spanning the first to fourth transmembrane domains (aa 388–520) of TRPV2 and the SPFH domains of flotillin-1 (aa 1–189) mediate their interaction. Functionally, flotillin-1 facilitates the cell surface expression levels of TRPV2, thereby enhancing the whole-cell current density. These findings broaden our understanding of the regulatory mechanisms of TRPV2 signaling complex.

Flotillin-1 is preferentially associated with flotillin-2 in hetero-oligomeric complexes, forms membrane microdomains that serve as scaffolds facilitating the assembly of multiprotein complexes at the membrane-cytosol interface (Zhao et al., 2011; Kwiatkowska et al., 2020). It was observed that flotillin-1 is associated with tyrosine-protein kinase Lyn and enhances its activity (Kato et al., 2006). The interaction between flotillin-1 and neuroglobin (Ngb) implied that flotillin-1 might play a crucial role in regulating neuronal death and proliferation (Wakasugi et al., 2004). As mentioned above, previous studies have shown that flotillins modulate several ion channels activity via the interplay between each of them. For instance, the reduction of potassium channel Kv2.1 current amplitude by flotillin-1 was suggested to be mainly due to the Kv2.1 clustering on the plasma membrane (Liu et al., 2016). In contrast, Kessler et al. (2019) reported that both protein expression and channel activity of Nav1.5 channel were significantly decreased in flotillin-1 or flotillin-1/2 deficient mice, thereby reducing cardiac excitation. Here we observed that the presence of flotillin-1 enhanced the stability of TRPV2 channels on the plasma membrane, thereby up-regulating their responsive current density.

Flotillin-1 and flotillin-2 are two ubiquitous, highly conserved homologous proteins that assemble to form heterotetramers on the inner surface of cell membranes in cholesterol- and sphingolipid-enriched domains (Gauthier-Rouvière et al., 2020). The heterotetramers not only act as a skeleton to provide a platform for protein–protein interactions, but also are involved in signal transduction, nerve regeneration, endocytosis, and lymphocyte activation (Solis et al., 2010). Flotillins are composed of two domains: the N-terminal SPFH domain associated with the inner leaflet of cell membranes and the C-terminal domain is required for oligomerization (Morrow et al., 2002; Neumann-Giesen et al., 2004). The fact that TRPV2 shows no interaction with flotillin-2 but specifically interacts with the SPFH domain of flotillin-1, suggests that these two proteins might have distinct features in their SPFH domain or their C-terminal associations.

Studies have demonstrated that ankyrin repeat sequence motifs are common protein–protein recognition domains and, they are clearly important for the modulation of TRP channels. Moreover, the membrane proximal or pre-S1 domain of TRPV2 has been suggested to mediate protein–protein and lipid–protein interactions (Donate-Macian et al., 2019). Neeper et al. (2007) reported that deletion of 83 or more N-terminal residues greatly decreased TRPV2 expression levels. In addition to these observations, recently, it has been revealed that two structural motifs in transmembrane segments 2 and 4 of mTRPA1 regulates its interaction with cholesterol, which appears necessary for normal agonist sensitivity and plasma membrane localization (Startek et al., 2019). Consistent with these observations, we have shown here that the N-terminal and TM1–4 of TRPV2 are essential for the interactions between flotillin-1 and TRPV2. This observation parallels our finding that flotillin-1 helps to stabilize TRPV2 membrane expression.

It has been reported that flotillin-mediated endocytosis and ALIX–syntenin-1–mediated exocytosis protect the cell membrane from damage caused by necroptosis (Fan et al., 2019). Given the role of flotillin-1 in protein clustering and endocytosis, it is also plausible that flotillin-1 plays a role in maintaining the normal recycling of TRPV2 to the plasma membrane. This process would be important for refreshing the functional pool of TRPV2 on cell surface. We can not exclude the possibility that flotillin-1 may negatively regulate the intracellular degradation of TRPV2. This would also explain that an overexpression of flotillin-1 enhances TRPV2 membrane expression, and vice versa.

Since TRPV2 channel has been implicated in the processing of high intensity thermal pain, mechano-sensation, regulation of cardiovascular function, as well as many aspects of pathophysiology in different ways (Peralvarez-Marin et al., 2013; Shibasaki, 2016), our findings support that flotillin-1 is a key molecular element in TRPV2 signaling complex and exerts a regulatory effect on its cellular response. Targeting flotillin-1 would offer an updated intervention strategy to manage TRPV2-mediated physio- and pathology responses.



CONCLUSION

We have characterized the role of flotillin-1 in mediating the membrane expression and cellular responses of TRPV2. This functional crosstalk between TRPV2 and lipid raft components may influence the cellular morphology and play critical roles in nociception and pain.
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The cerebellum is conceptualized as a processor of complex movements. Many diseases with gene-targeted mutations, including Fahr’s disease associated with the loss-of-function mutation of meningioma expressed antigen 6 (Mea6), exhibit cerebellar malformations, and abnormal motor behaviors. We previously reported that the defects in cerebellar development and motor performance of Nestin-Cre;Mea6F/F mice are severer than those of Purkinje cell-targeted pCP2-Cre;Mea6F/F mice, suggesting that Mea6 acts on other types of cerebellar cells. Hence, we investigated the function of Mea6 in cerebellar granule cells. We found that mutant mice with the specific deletion of Mea6 in granule cells displayed abnormal posture, balance, and motor learning, as indicated in footprint, head inclination, balanced beam, and rotarod tests. We further showed that Math1-Cre;Mea6F/F mice exhibited disrupted migration of granule cell progenitors and damaged parallel fiber-Purkinje cell synapses, which may be related to impaired intracellular transport of vesicular glutamate transporter 1 and brain-derived neurotrophic factor. The present findings extend our previous work and may help to better understand the pathogenesis of Fahr’s disease.
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INTRODUCTION

The cerebellum has been conceptualized as a processor of complex movements and is also endowed with essential roles in cognitive and emotional behaviors (Su et al., 2020). In essence, the cerebellar cortex can be trained to run routine operations that result in skillful movements triggered by high-level commands from the cerebral cortex. The structure of the cerebellum is extremely conserved among species from rodents to human, and its development involves the integration of intrinsic and extrinsic events controlled by multiple genetic cascades. Many gene-targeted mutations cause cerebellar malformations and impair motor and non-motor behaviors (Su et al., 2020). For example, the patients with Fahr’s disease (Lemos et al., 2011), a neurological inheritance disorder (Oliveira et al., 2007), exhibit unsteady gaits, and severe degeneration in brain regions controlling movements (Moskowitz et al., 1971; Geschwind et al., 1999; Saleem et al., 2013).

Meningioma expressed antigen 6 (Mea6), initially found in tumor tissues (Heckel et al., 1997; Comtesse et al., 2002; Kalniņa et al., 2008), is highly expressed in the central nervous system (CNS). Clinical evidence shows that a loss-of-function mutation of Mea6 might be associated with Fahr’s syndrome (Lemos et al., 2011). Utilizing conditional knockout of Mea6 driven by Nestin-Cre, Zhang et al. (2018) show that Mea6 is critical to neural development and dendrite outgrowth in the cerebral cortex. However, this study provides limited insights on how Mea6 plays roles in CNS development because Nestin-driven Cre recombinase inevitably affects all types of neural cells in the CNS. Instead, we report distinct cerebellar development and motor performance between Nestin-Cre;Mea6F/F and Purkinje cell-targeted pCP2-Cre;Mea6F/F mice (Wang et al., 2019). While Nestin-Cre;Mea6F/F mice have shrunken cerebellum and lobules, pCP2-Cre;Mea6F/F mice merely display extensive self-crossings of Purkinje cell dendrites without changing cyto-architecture of the cerebellum (Wang et al., 2019). These results suggest that Mea6 influences the development of other types of cerebellar cells beyond Purkinje cells.

Cerebellar granule cell, being the most numerous cell type, arises from the rhombic lip and forms a dense and distinct layers of cerebellar cortex. At the early developmental stage, granule precursor cells proliferate and differentiate to granule cells, which further migrate from the external granular layer (EGL) inwards to the internal granular layer (IGL). Granule cells receive afferent information from mossy fibers and innervate with Purkinje cells via parallel fibers. It has been established by physiological experiments and computational theories that granule cells are the ground of cerebellar circuitry and motor memories. Here, we investigated the contribution of Mea6 in cerebellar development and motor functions by deleting Mea6 specifically in granule cells. Our results showed that the deletion of Mea6 in granule cells led to severe motor symptoms during the posture, balance, and motor learning tests.



MATERIALS AND METHODS


Animals

All experiments were approved by the Animal Experimentation Ethics Committee of Zhejiang University. Mice were kept at the Experimental Animal Center of Zhejiang University under temperature-controlled condition on a 12:12 h light/dark cycle. Mea6F/F mice described previously (Wang et al., 2019). Math1-Cre;Mea6F/F mice were obtained by crossing Mea6F/F mice with Math1-Cre mice, which were obtained from Dr. Wei Mo (Xiamen University, Xiamen, China) (Kim et al., 2014). The resulting offspring were genotyped using PCR of genomic DNA (Mea6 floxP fragment, F: 5′-GAC ACT TGA CCC CTC CTC TCC-3′; R: 5′-AAC GGC TCA TGC TTG CTA ACC-3′; Math1-cre, F: 5′-TGC AAC GAG TGA TGA GGT TC-3′; R: 5′-GCT TGC ATG ATC TCC GGT AT-3′). All experiments were performed blind to genotypes in age-matched littermates of either sex.



Antibodies and Reagents

Antibodies against GAPDH, GluA1, GluA2, NeuN, and synaptophysin were from Millipore (Billerica, MA, United States). Antibodies against Bip, Robo2, Sema6A, Synapsin-1, Munc18-1, and 5-bromo-2′-deoxyuridine (BrdU) were from Abcam (Cambridge, United Kingdom). Antibodies against γ-protocadherin (γ-pcdh), Rab3A, Rim1, and Munc13-1 were from Synaptic Systems (Gottingen, Germany). Antibody against Slit2 was from Proteintech (Rosemont, IL, United States). Antibody against TrkB was from Cell Signaling (Danvers, MA, United States). Anti-vesicular glutamate transporter 1 (vGluT1) antibody was a gift from Dr. Masahiko Watanabe (Hokkaido University, Sapporo, Japan). Antibodies against both Mea6 and calbindin were from Sigma-Aldrich (St. Louis, MO, United States). Antibodies to β-tubulin and brain-derived neurotrophic factor (BDNF) were from Santa Cruz Biotechnology (Dallas, TX, United States). Goat anti-mouse and anti-rabbit IgG horseradish peroxidase-conjugated were from Thermo Fisher (Waltham, MA, United States). DAPI and Alexa Fluor-conjugated secondary antibody was from Invitrogen (Carlsbad, CA, United States). Protease inhibitor cocktail was from Roche (Mannheim, Germany). Nissl was from Beyotime (Shanghai, China). Other chemicals were from Sigma unless stated otherwise.



Purification of Endoplasmic Reticulum (ER)

Endoplasmic reticulum fractions were purified according to previous work (Hammond et al., 2012; Wang et al., 2019). A centrifugation (700 × g; 10 min) was used to remove nuclei and large cellular debris from homogenized cerebellar tissues. A subsequent 15,000 × g (10 min) of supernatant was performed to pellet mitochondria. The resulting supernatant was loaded onto a three-layered sucrose gradient and centrifuged at 126,000 × g for 70 min on an ultracentrifuge. The white band between the top and 1.3 M-sucrose layers was collected, which was gently mixed by inversion with ice cold MTE solution supplemented with protease inhibitors. This mixture was centrifuged at 126,000 × g for 45 min resulting in a large and translucent pellet.



RT-PCR

The contents of individual granule cells (P21) were harvested as described in previous work (Zhou et al., 2017). The tip of a conventional patch-clamp pipette was placed tightly on the soma of a selected granule cell and a gentle suction was applied. After complete incorporation of the soma, the negative pressure was released and the pipette was quickly removed from the bath. The harvested contents were subjected to RT-PCR using OneStep Kit (Qiagen, Germany). Forward (F) and reverse (R) primers used for amplification were as follows: Mea6, F: 5′-GTT GAA GGA TCA CAA ATA TC-3′; R: 5′-TCC TTT TTG AAA TAT CAG CC-3′; Math1, F: 5′-GAG TGG GCT GAG GTA AAA GAG T-3′; R: 5′-GGT CGG TGC TAT CCA GGA G-3′; Gapdh, F: 5′-GGT GAA GGT CGG TGT GAA CG-3′; R: 5′-CTC GCT CCT GGA AGA TGG TG-3′.



Western Blot

The protein concentration was determined using BCA protein assay. Equal quantities of proteins were loaded and fractionated on SDS-PAGE, transferred to PVDF membrane (Immobilon-P, Millipore), immunoblotted with antibodies, and visualized by enhanced chemiluminescence (Thermo). The dilutions of antibodies were MEA6 (1:4,000), Slit2 (1:1,000), Robo2 (1:1,000), β-tubulin (1:2,000), GAPDH (1:20,000), γ-pcdh (1:2,000), BDNF (1:1,000), TrkB (1:1,000), Bip (1:5,000), Sema6A (1:1,000), vGluT1 (1:2000), Rab3A (1:2000), synapsin-1 (1:10000), Rim1 (1:1000), Munc18-1 (1:40000), synaptophysin (1:40000), Munc13-1 (1:1000), GluA1 (1:2000), GluA2 (1:2000), and secondary antibodies (1:10,000). Film signals were digitally scanned and quantitated using ImageJ 1.42q (NIH).



Immunohistochemistry

Frozen sagittal sections (30 μm) were cut and placed in blocking solution for 1 h at room temperature (RT). After washing with PBS, sections were incubated with primary antibodies overnight at 4°C and incubated with secondary antibodies for 3 h at RT. Primary antibody dilutions used for immunohistochemistry were calbindin (1:500), NeuN (1:500), BrdU (1:400), and Mea6 (1:250). Alexa Fluor 488-conjugated goat anti rat IgG, Alexa Fluor 488-conjugated goat anti mouse IgG, Alexa Fluor 594-conjugated goat anti-mouse IgG antibody, Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody and Alexa Fluor 594-conjugated goat anti-rabbit IgG antibody were diluted at 1:1,000. All antibodies were diluted in PBS containing 1% BSA and 1% normal goat serum.



BrdU Labeling

Mice (P7) were injected intraperitoneally with 50 mg/kg BrdU and sacrificed for labeling observation after 5 days. After denaturing DNA (2 N HCl; 40°C; 30 min), brain sections (30 μm) were washed with sodium tetraborate (0.1 M). Sections were immunostained using BrdU and NeuN antibody.



Nissl Staining

Nissl staining was performed using Nissl staining Kit (Beyotime). Sagittal cerebellar slices (30 μm) were immersed in Nissl staining solution for 5 min, rinsed with distilled water, dehydrated in ethanol, and cleared in xylene. Images of cerebellar cortex were captured using a light microscope.



Transmission Electron Microscopy (TEM)

Mouse brains were removed and stored at 4°C for 2.5 h in fixative. Sagittal slices (300 μm) were prepared and rectangular molecular layer of lobules IV–V were separated. The slices were then rinsed six times with 0.1 M PB and post-fixed in 1% OsO4 for 30 min. Slices were then rinsed three times with ddH2O and stained with 2% uranyl acetate for 30 min at RT. After dehydrating, the samples were embedded in an epoxy resin. Ultrathin sections (90 nm) were cut using an ultra-microtome (Leica), stained with lead citrate solution, and mounted on grids. EM images were captured at 11,000× and 68,000× magnification using a TEM (FEI, Hillsboro, OR, United States). Parallel fiber-Purkinje cell synapses were identified by asymmetrical and short contacts, which were distinct from GABAergic or climbing fiber synapses (Ichikawa et al., 2016). ImageJ was used to count the numbers of synapse and vesicles per bouton.



Slice Preparation

Sagittal sections of cerebellar vermis (300 μm) were prepared from anesthetic mice (P20–21) using a vibrating tissue slicer (Leica VT1000S) and ice-cold standard artificial cerebrospinal fluid (aCSF) containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 26 NaHCO3, and 25 D-glucose, bubbled with 95% O2/5% CO2. After recovery for 30 min at 37°C, slices were placed in a submerged chamber that was perfused at 2 ml/min with aCSF. Patch clamp electrodes (3–5 MΩ) were filled with an intracellular solution composed of (in mM) 134 K-gluconate, 6 KCl, 4 NaCl, 10 HEPES, 0.2 EGTA, 4 Na2ATP, 0.3 Na3GTP, and 14 Na2phosphocreatine (pH 7.3, OSM 290).



Whole-Cell Recording

Purkinje cells were visualized under an upright microscope (BX51, Olympus) with a 40× water-immersion objective and equipped with infrared differential interference contrast enhancement. Whole-cell recordings were obtained with an Axon MultiClamp 700B amplifier (Molecular Devices). Currents were digitized at 10 kHz and filtered at 3 kHz. Miniature excitatory synaptic currents (mEPSCs) was recorded in whole-cell configuration in the presence of tetrodotoxin (TTX, 0.5 μM) plus Gabazine (10 μM). To obtain parallel fiber-EPSCs, standard patch pipettes were filled with aCSF and placed in the middle third of the molecular layer. EPSCs were induced by above-threshold parallel fiber stimulation delivered in the presence Gabazine (10 μM). Paired-pulse facilitation (PPF) was examined by paired stimulations at different intervals. Offline analysis was conducted using a sliding template algorithm (ClampFit 10, Molecular Device).



Rotarod Test

Rotarod test was performed as previously described (Zhou et al., 2017). After the habituation to rotarod, mice (2 month) were tested twice a day at a time interval of 8 h for four consecutive days. In each session, the velocity of rotation increased at a constant acceleration of 9 rpm/min starting from 5 rpm.



Elevated Beam Test

This test was performed according to previous work (Hartmann et al., 2014; Zhou et al., 2017). The movement of mice on a round plastic beam (length 50 cm and diameter 1 cm) 40 cm above a surface with bedding was recorded and analyzed. The percentage of steps with hindpaw slips during runs on the beam was calculated.



Foot Print Test

To evaluate mice’s walking gait we used footprint test according to previous work (Zhou et al., 2017; Wang et al., 2019). Mice hindpaws were painted with non-toxic ink, and they were allowed to freely traverse a clear plexiglass tunnel (100 cm × 10 cm × 10 cm), with a sheet of white absorbent paper (100 cm × 10 cm) placed at the bottom of the track and a darkened cage at the end of the tunnel to encourage the mouse to run toward a dark and safe environment. The resulting tracks provided the spatial relationship of consecutive footfalls, from which the stride length and stance width were measured. Measurements for three-step cycles were averaged, considering a cycle as the distance from one pair of hind prints to the next. Footprints at the start and the end of the tunnel were excluded from the analysis as they corresponded to the initiation and termination of the movement.



Measurement of Head Inclination

Mice were allowed to freely traverse a white plexiglass tunnel (100 cm × 10 cm × 10 cm) in front of a camera. The angle formed by the connection line of two eyes and horizontal plane was measured by Adobe Photoshop CS3.



Statistical Analysis

Data were analyzed using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, United States), Excel 2003 (Microsoft, Seattle, WA, United States), and Igor Pro 6.0 (Wavemetrics, Lake Oswego, OR, United States). Data analysts were blind to experimental conditions until the data were integrated. Standard deviations for controls were calculated from the average of all control data. Statistical difference was determined using two-sided unpaired Student’s t test. The accepted level of significance was p < 0.05. n represents the number of preparations or cells. Data are presented as mean ± SEM.




RESULTS


Mea6 Was Specifically Deleted in Cerebellar Granule Cells in Math1-Cre;Mea6F/F Mice

Figure 1A shows that Mea6 was abundantly expressed in cell bodies and processes (parallel fibers) of cerebellar granule cells. Previous studies have shown that Mea6 is expressed in other brain regions besides the cerebellum (Zhang et al., 2018; Wang et al., 2019). Therefore, particular caution should be taken using Cre-loxp strategy to knock out Mea6 in granule cells. We utilized the Math1-Cre mouse line (Kim et al., 2014), which targets to Math1+ neuronal precursors in developing rhombic lip that give rise to granule cells and unipolar brush cells (Englund et al., 2006; Schüller et al., 2008). To confirm the specificity, we crossed Math1-Cre and Ai9 lines and characterized the expression of Cre-recombinase by observing the tdTomato reporter in Math1-Cre;Ai9 mice. We found that tdTomato fluorescence was present merely in the cerebellum of these mice (Figure 1B), suggesting that the knockout mediated by Math1-recombinase is specific in the cerebellum. To examine whether Math1-recombination affects other cerebellar cells, we performed immunohistochemical staining using NeuN or calbindin antibodies and found that Math1-recombination was restricted to granule cell layer and parallel fibers (Figure 1C), suggesting that this recombination does not affect Purkinje cells and interneurons, which are located in Purkinje cell layer and molecular layer, respectively. Although Math1-recombination may affect unipolar brush cells as well, the influence should be marginal in our experiments because the number of these cells is very few compared to granule cells (Englund et al., 2006).
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FIGURE 1. The ablation of Mea6 in Math1(M)-Cre;Mea6F/F mice. (A) The immunostaining of Mea6 (green) and NeuN (red) in mouse cerebellum. Arrows show Mea6-expressing granule cells. Scale bars: 20 μm. ML, molecular layer; GCL, granule cell layer. (B) Native tdTomato fluorescence in the whole brain from a Math1(M)-Cre;Ai9 mouse, indicating that Cre-recombinase is selectively expressed in the cerebellum. Scale bars: 1 mm. (C) Staining of NeuN or calbindin (Calb) with DAPI in the cerebellum of M-Cre;Ai9 mouse. Scale bars: 50 μm. (D) Granule cell contents of Mea6F/F and Math1-Cre;Mea6F/F mice (P21) were harvested using glass micropipettes (pip, OD 2 mm) and placed in a centrifuge tube. The contents collected from 10 cells were subjected to RT-PCR. A typical electrophoresis of Mea6 (157 bp), Math1 (151 bp), and Gapdh (233 bp) is show in the right (n = 5 trials). (E) Western blots of Mea6 in the cerebellum of Mea6F/F and Math1-Cre;Mea6F/F mice (P21), as indicated by the black triangle. The percentage changes of Mea6 were 100 ± 6% (Mea6F/F; n = 10) and 44 ± 9% (Math1-Cre;Mea6F/F; n = 10), p = 0.001 (unpaired t test). (F) The pictures of bodies and brains of Mea6F/F and Math1-Cre;Mea6F/F at P21. Average body weights were 10.4 ± 0.8 g (Mea6F/F; n = 10) and 10.2 ± 1.0 g (Math1-Cre;Mea6F/F; n = 10), p = 0.78 (unpaired t test). (G) Kaplan-Meier survival curves of Mea6F/F (n = 59 mice) and Math1-Cre;Mea6F/F mice (n = 59 mice). **p < 0.01.


Next, we knock out Mea6 gene in granule cells by mating Mea6F/F mice with Math1-Cre transgenic mice. The knockout efficiency was confirmed by patch-clamp-based RT-PCR assay (Figure 1D). Western blots also showed that Mea6 expression was significantly reduced in Math1-Cre;Mea6F/F mice (Figure 1E), which makes sense considering the great number of granule cells. We previously showed that both body weight and cerebellar size of Nestin-Cre;Mea6F/F mice are reduced (Wang et al., 2019). Differently, these phenotypes did not differ between Math1-Cre;Mea6F/F and Mea6F/F mice (Figure 1F). In addition, the lifetime of Math1-Cre;Mea6F/F mice was as long as that of Mea6F/F mice (Figure 1G), similar to mutant mice with the specific deletion of Mea6 in Purkinje cells (Pcp2-Cre;Mea6F/F) (Wang et al., 2019).



Mea6 Deletion in Granule Cells Impairs Motor Performance

We previous reported that Nestin-Cre;Mea6F/F mice displayed severe behavioral defects: they have abnormal limb-clasping reflex and foot prints, and perform poorly on elevated beam (Wang et al., 2019). In contrast, the behaviors of Pcp2-Cre;Mea6F/F mice are almost normal except motor learning (Wang et al., 2019). These results suggest that Mea6 deletion driven by Nestin-Cre may affect the development and/or functions of other types of cells except Purkinje cells. Accordingly, we examined whether the deletion of Mea6 in granule cells causes motor deficits. Indeed, we found that Math1-Cre;Mea6F/F mice walked abnormally with wider step stance of hindlimb without changing stride length (Figure 2A). Interestingly, Math1-Cre;Mea6F/F mice (19 out of 19) displayed unexpected head inclination: their heads always tilted to either left or right when they walked freely in the cages, while Mea6F/F mice did not (Figure 2B). To measure head tilt, mice were allowed to traverse a narrow plexiglass tunnel, where their free turning was limited. Through aligning ears and eyes, our results showed that average angels of head inclination were 1.2 ± 0.4° for Mea6F/F mice (n = 16) and 30.3 ± 0.9° Math1-Cre;Mea6F/F mice (n = 19). These experiments indicated abnormal walking gait of Math1-Cre;Mea6F/F mice. We also found that Math1-Cre;Mea6F/F mice were defective in other motor performances: They performed poorly when walking on an elevated beam with a higher number of hind-paw slips (Figure 2C) and spent much less time on rotating rod (Figure 2D). Taken together, our results indicated that Mea6 in granule cells is critical to motor behaviors.
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FIGURE 2. Abnormal gait and motor learning in Math1(M)-Cre;Mea6F/F mice. (A) Footprints of Mea6F/F and Math1-Cre;Mea6F/F mice. Stride width (SW): 25.8 ± 0.8 mm (Mea6F/F; n = 16) and 27.1 ± 1.1 mm (Math1-Cre;Mea6F/F; n = 17), p = 0.02 (unpaired t test). Stance length (SL): 44.7 ± 1.8 mm (Mea6F/F; n = 16) and 45.3 ± 2.4 mm (Math1-Cre;Mea6F/F; n = 17), p = 0.52 (unpaired t test). (B) The upper panel shows a head inclination phenotype in a M-Cre;Mea6F/F mouse during the free moving in the cage. The lower panel shows the measurement of head inclination when Mea6F/F and M-Cre;Mea6F/F mice traversed a white plexiglass tunnel (100 cm × 10 cm × 10 cm). The white lines show the alignments of ears and eyes. The average angels of head inclination: 1.2 ± 0.4° (Mea6F/F) and 30.0 ± 1.3° (Math1-Cre;Mea6F/F), p < 0.001 (unpaired t test). (C) The percentages of hindpaw slips during runs on an elevated horizontal beam. Mea6F/F: 4.1 ± 1.0% (n = 24). Math1-Cre;Mea6F/F: 48.4 ± 4.5% (n = 29), p < 0.001 (unpaired t test). (D) Time spent on the accelerating rotarod for Mea6F/F (n = 13) and Math1-Cre;Mea6F/F mice (n = 16) at P90. Session 1: 108.9 ± 10.6 s (Mea6F/F) and 81.5 ± 9.2 s (Math1-Cre;Mea6F/F), p = 0.04 (unpaired t test); Session 2: 135.3 ± 10.9 s (Mea6F/F) and 84.8 ± 9.3 s (Math1-Cre;Mea6F/F), p = 0.001 (unpaired t test); Session 3: 151.5 ± 14.3 s (Mea6F/F) and 98.9 ± 10.8 s (Math1-Cre;Mea6F/F), p = 0.004 (unpaired t test); Session 4: 187.5 ± 16.8 s (Mea6F/F) and 94.8 ± 14.2 s (Math1-Cre;Mea6F/F), p = 0.001 (unpaired t test); Session 5: 178.8 ± 12.8 s (Mea6F/F) and 93.7 ± 14.0 s (Math1-Cre;Mea6F/F), p = 0.001 (unpaired t test); Session 6: 191.1 ± 16.1 s (Mea6F/F) and 104.6 ± 15.2 s (Math1-Cre;Mea6F/F), p = 0.004 (unpaired t test); Session 7: 209.2 ± 18.3 s (Mea6F/F) and 121.25 ± 18.6 s (Math1-Cre;Mea6F/F), p = 0.002 (unpaired t test); Session 8: 213.9 ± 21.8 s (Mea6F/F) and 131.4 ± 20.5 s (Math1-Cre;Mea6F/F), p = 0.008 (unpaired t test). *p < 0.05, **p < 0.01, ***p < 0.001.




Disrupted Migration of Granule Cell Progenitors in Math1-Cre;Mea6F/F Mice

The normal development of the cerebellum is essential to motor functions. The appearance of granule cell progenitors (G) in EGL and their migration to IGL are key features of cerebellar development (Alder et al., 1996). Having demonstrated motor deficits of Math1-Cre;Mea6F/F mice, a question was whether the development of granule cells is disrupted. To answer this, the production and migration of GCPs in EGL of control and mutant mice at P7, a peak stage for postnatal GCP proliferation (Leffler et al., 2016), were examined using anti-NeuN antibody and BrdU antibody (Yang et al., 2019). Our results showed that the density of BrdU+ cells in IGL was similar between Mea6F/F and Math1-Cre;Mea6F/F mice at P12, 5 days after BrdU injection (Figure 3A). In contrast, the density of BrdU+ cells in molecular layer and EGL significantly increased in Math1-Cre;Mea6F/F mice compared with Mea6F/F mice at P12. These results implicated that the deletion of Mea6 disrupts the migration of GCPs in Math1-Cre;Mea6F/F mice.
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FIGURE 3. Deficiency in GCP migration in Math1(M)-Cre;Mea6F/F mice. (A) Migrating GCPs in Mea6F/F and Math1-Cre;Mea6F/F cerebellum were treated with BrdU at P7 and labeled with anti-BrdU antibody after 5 days. White arrows show migrating GCPs in molecular layer (ML). Scale bars: 50 μm. The quantification of the numbers of NeuN+ and BrdU+ cells per 1 mm2 is shown in bar graphs. BrdU+/NeuN+ cells in EGL: 1220.4 ± 106.5 (Mea6F/F; n = 13) and 4061.7 ± 106.7 (Math1-Cre;Mea6F/F; n = 12), p < 0.001 (unpaired t test). BrdU+/NeuN+ cells in ML: 854.3 ± 64.5 (Mea6F/F; n = 13) and 1591.6 ± 81.8 (Math1-Cre;Mea6F/F; n = 12), p < 0.001 (unpaired t test). BrdU+/NeuN+ cells in IGL: 2199.4 ± 106.3 (Mea6F/F; n = 13) and 2388.8 ± 117.7 (Math1-Cre;Mea6F/F; n = 12), p = 0.24 (unpaired t test). (B) Protein levels of Slit2, Robo2, γ-pcdh, BDNF, TrkB, and Sema6A in the cerebellum of Mea6F/F and Math1-Cre;Mea6F/F mice at P20 (n = 6 pairs). β-tubulin was used as the control. BDNF: 100 ± 7% (Mea6F/F) and 63 ± 9% (Math1-Cre;Mea6F/F), p = 0.04 (unpaired t test). (C) Nissl staining of sagittal cerebellar sections from Mea6F/F and Math1-Cre;Mea6F/F mice at P25. The middle panel (Scale bars: 100 μm) is the higher magnification of left panel (Scale bars: 200 μm) and the right panel (Scale bars: 10 μm) is the higher magnification of middle panel, as indicated by white dashed boxes. Cerebellar area: 6.4 ± 0.5 E6 μm2 (Mea6F/F; n = 7) and 6.1 ± 1.0 E6 μm2 (Math1-Cre;Mea6F/F; n = 6), p = 0.13 (unpaired t test). Lobule III thickness: 849 ± 81 μm (Mea6F/F; n = 7) and 815 ± 109 μm (Math1-Cre;Mea6F/F; n = 7), p = 0.51 (unpaired t test). Thickness of granule cell layer (GCL; lobule III): 136 ± 8 μm (Mea6F/F; n = 7) and 134 ± 8 μm (Math1-Cre;Mea6F/F; n = 7), p = 0.43 (unpaired t test). *p < 0.05, ***p < 0.001.


The migration of GCPs is an intricate process that involves a number of secretary and cell-surface molecules, including cadherin (Horn et al., 2018), Slit2-Robo2 signaling (Xu et al., 2004; Guan et al., 2007; Geisen et al., 2008), BDNF-TrkB signaling (Borghesani et al., 2002; Wang et al., 2012), and semaphorin (Kerjan et al., 2005). Is the expression of these proteins changed by the deletion of Mea6? To answer this question, we measured the expression of Slit2, Robo2, γ-pcdh, BDNF, TrkB, and Sema6A. We found that the levels of Slit2, Robo2, γ-pcdh, TrkB, and Sema6A were not changed by specific deletion of Mea6, whereas the expression of BDNF significantly decreased in Math1-Cre;Mea6F/F mice compared with Mea6F/F mice (Figure 3B), implicating that the migration of GCPs is disrupted by BDNF down-regulation.

We continued to examine cerebellar cyto-architecture in adult mice. Using Nissl staining, we found that folia formation, lobular thickness, and GCL thickness of Math1-Cre;Mea6F/F mice were not changed compared to Mea6F/F mice (Figure 3C), indicating that cyto-architecture keeps intact in Math1-Cre;Mea6F/F mice. From these results, we concluded that the deletion of Mea6 in granule cells may delay the migration of GCPs, but not alter the structure of adult cerebellum. Hence, abnormal motor behaviors of Math1-Cre;Mea6F/F mice are not due to changed cyto-architecture.



Granule Cell Deletion of Mea6 Damages Parallel Fiber-Purkinje Cell Synapse

Synaptogenesis and synaptic function between granule cells and Pukinje cells are also critical to the cerebellum-related motor behaviors (Su et al., 2020). We thereby used TEM to assess parallel fiber-Purkinje cell synapses identified by asymmetric synaptic contacts with Purkinje cell spines (Figure 4A; Peter et al., 2016). We found that the density of parallel fiber-Purkinje cell synapses was significantly reduced in Math1-Cre;Mea6F/F mice (12.7 ± 0.4 synapses per 100 μm2; n = 49 slices of three mice) compared with Mea6F/F mice at P21 (16.4 ± 0.7 synapses per 100 μm2; n = 26 slices of three mice; p < 0.001) (Figure 4A). Furthermore, the deletion of Mea6 significantly decreased total number of vesicles at parallel fiber terminals (Mea6F/F: 34.7 ± 2.9 vesicles, n = 26 boutons; Math1-Cre;Mea6F/F: 15.0 ± 2.2 vesicles, n = 27 boutons; p < 0.001) (Figure 4B). These results suggest that the deletion of Mea6 in granule cells impairs synaptic formation at parallel fiber-Purkinje cell synapses.
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FIGURE 4. Granule cell-specific deletion of Mea6 impairs synaptic formation and function. (A) Representative EM (11,000×) of parallel fiber-Purkinje cell synapses from Mea6F/F and Math1(M)-Cre;Mea6F/F mice (P30). Synapses comprising of parallel fiber boutons opposed to Purkinje cell spines are marked with red asterisks. Scale bars: 2 μm. Bar graphs show average numbers of synapses per 100 μm2 in Mea6F/F (16.4 ± 0.7; n = 26) and Math1-Cre;Mea6F/F mice (12.7 ± 0.4; n = 49), p < 0.001 (unpaired t test). (B) Representative EM (68,000×) of parallel fiber-Purkinje cell synapses from Mea6F/F and Math1-Cre;Mea6F/F mice (P30). Scale bars: 500 nm. Bar graphs show average numbers of total pre-synaptic vesicles per synapse in Mea6F/F (34.7 ± 2.9; n = 26) and Math1-Cre;Mea6F/F mice (15.0 ± 2.2; n = 27), p < 0.001 (unpaired t test). (C) Example Purkinje cell mEPSCs from Mea6F/F and Math1-Cre;Mea6F/F mice (P21–25). The lower panels show cumulative probabilities and statistics of frequency and amplitude of mEPSCs. Frequency: 2.3 ± 0.2 Hz (Mea6F/F; n = 15) and 1.6 ± 0.1 Hz (Math1-Cre;Mea6F/F; n = 19; p = 0.006), p = 0.006 (unpaired t test). Amplitude: 20.8 ± 0.9 pA (Mea6F/F; n = 15) and 23.7 ± 2.0 pA (Math1-Cre;Mea6F/F; n = 19), p = 0.34 (unpaired t test). (D) PPF as a function of interstimulus intervals in Mea6F/F and Math1-Cre;Mea6F/F mice (P21–23). The inset shows the superposition of PF-EPSCs evoked at different intervals in a WT cell. PPF ratios: 2.4 ± 0.1 (Mea6F/F; n = 12) and 2.1 ± 0.1 (Math1-Cre;Mea6F/F; n = 16) at 15 ms, p = 0.03 (unpaired t test); 2.2 ± 0.1 (Mea6F/F; n = 12) and 2.0 ± 0.1 (Math1-Cre;Mea6F/F; n = 16) at 25 ms, p = 0.03 (unpaired t test). *p < 0.05, ***p < 0.001.


To further determine the effect of Mea6 ablation on synaptic function, we recorded mEPSCs at parallel fiber-Purkinje cell synapses. Our results showed that mEPSC frequency was reduced in Math1-Cre;Mea6F/F mice (1.6 ± 0.1 Hz; n = 19 cells) compared with Mea6F/F mice (2.3 ± 0.2 Hz; n = 15 cells), whereas its mean amplitude did not differ between genotypes (Mea6F/F: 20.8 ± 0.9 pA, n = 15 cells; Math1-Cre;Mea6F/F: 23.7 ± 2.0 A, n = 19 cells) (Figure 4C). PPF of parallel fiber-Purkinje cell synapses was also examined using paired stimulations at different interstimulus intervals. Interleaved recordings indicated that average PPF recorded from Math1-Cre;Mea6F/F mice changed with stimulation intervals: it was smaller than that from Mea6F/F mice at intervals of <25 ms, but was unaltered at intervals larger than that (Figure 4D). Reduced PPF suggested a lower pre-synaptic release probability in Math1-Cre;Mea6F/F mice, consistent with reduced synapses and pre-synaptic vesicles (Figure 4B). Overall, these data indicated that neurotransmitter release at parallel fiber-Purkinje cell synapses is impaired by Mea6 deletion.



Subcellular Transport of vGluT1 Is Interrupted in Math1-Cre;Mea6F/F Mice

We continued to examine whether Mea6 ablation affects the expression of pre-synaptic proteins that are involved in synaptic release and transmission. A number of pre-synaptic proteins related to synaptic function, including vGluT1, Rab3, synapsin-1, Rim1, Munc18-1, synaptophysin, and Munc13-1, were selected to mark potential pre-synaptic changes by Mea6 ablation. Unexpectedly, we found that only vGluT1 significantly decreased in Math1-Cre;Mea6F/F mice, while other pre-synaptic proteins were not changed (Figure 5A). The expression of vGluT1 was also detected at the synaptic level using different centrifugations (Zhou et al., 2015). Likewise, synaptic vGluT1 was significantly reduced in Math1-Cre;Mea6F/F mice (Figure 5B). In contrast, the expression of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunits, including GluA1 and GluA2, was unchanged at synaptic level (Figure 5B).
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FIGURE 5. Mea6 deficiency affects the transport of vGluT1 from ER to Golgi apparatus. (A) Protein levels of vGluT1, Rab3A (Rab3), synapsin-1 (synapsin), Rim1, Munc18-1 (Munc18), synaptophysin (synapto), Munc13-1 (Munc13), and Mea6 in Mea6F/F and Math1-Cre;Mea6F/F cerebellum at P21. The results were obtained from eight pairs of mice. GAPDH was used as the loading control. (B) Protein levels of GluA1, GluA2, and vGluT1 in the cerebellum from Mea6F/F and Math1-Cre;Mea6F/F mice at P21. Six independent replicates were performed. GAPDH was used as the loading control. vGluT1 in total cerebellum: 100 ± 4% (Mea6F/F) and 72 ± 4% (Math1-Cre;Mea6F/F), p < 0.001 (unpaired t test). vGluT1 in cerebellar synaptosome: 100 ± 4% (Mea6F/F) and 64 ± 4% (Math1-Cre;Mea6F/F), p < 0.001 (unpaired t test). (C) A cartoon illustrating the procedures for the purification of subcellular organelles. More details are given in Experimental Procedures. The purification of ER was confirmed by the Western blotting assay of marker proteins. (D) Western blotting assay of vGluT1 in ER purified from Mea6F/F and M-Cre;Mea6F/F mouse cerebella. Bip was used as the internal control. vGluT1: 100 ± 6% (Mea6F/F) and 146 ± 7% (Math1-Cre;Mea6F/F). The experiment was performed eight times. p = 0.001 (unpaired t test). **p < 0.01, ***p < 0.001.


Previous work showed that Mea6 participates in the trafficking of exogenous protein (Zhang et al., 2018) and endogenous Slit2 (Wang et al., 2019) between ER and Golgi apparatus. We next investigated whether the subcellular trafficking of vGluT1 is affected by Mea6 deletion taking advantage of a series of centrifugations to purify organelles (Figure 5C; Wang et al., 2019). The purification of ER fraction was confirmed with distinct organelle markers, PDI (ER), γ-adaptin (Golgi apparatus), YY1 (nuclei), PSD95 (synapse), VDAC (mitochondria), and Rab11 (endosome) (Wang et al., 2019). Our results indicated that Bip, a marker molecule for ER (Haefliger et al., 2011; Shimizu et al., 2017; McLelland et al., 2018), was not changed in Math1-Cre;Mea6F/F mice (Figure 5D), suggesting that ER is not affected by granule cell deletion of Mea6. Similar to Slit2 expression in pCP2-Cre;Mea6F/F mice (Wang et al., 2019), the expression of vGluT1 significantly increased in ER fraction of Math1-Cre;Mea6F/F mice compared to that in Mea6F/F mice (Figure 5D), indicating that the deletion of Mea6 tethers vGluT1 in ER and then decreases its expression.




DISCUSSION

We previously reported that Mea6 is essential to cerebellar development and motor performance (Wang et al., 2019): Nestin-Cre-induced knockout of Mea6 leads to defective adult cerebellum and impaired motor performance; Purkinje cell-specific deletion of Mea6 does not change lobular formation, but causes self-crossings of Purkinje cell dendrites and impairs motor learning. The present findings extended previous work by demonstrating the function of Mea6 in granule cells. We found that Math1-Cre;Mea6F/F mice exhibited disrupted migration of GCPs, reduced synaptogenesis, and damaged parallel fiber-Purkinje cell synapses. These phenotypes may contribute to abnormal posture, balance, and motor learning of Math1-Cre;Mea6F/F mice, as indicated in footprint, head inclination, balanced beam, and rotarod tests. These abnormal behaviors are not surprising, because cerebellar granule cell, which is the most numerous neuronal type in the brain, encodes massive sensorimotor information and is the common denominator of cerebellar information processing in normal motor behaviors and motor symptoms. It is reported that Mea6 mutations are associated with Fahr’s syndrome (Lemos et al., 2011), which includes movement disorders (Oliveira et al., 2007). Therefore, the present work provides further insight into the roles of Mea6 in the development and function of the cerebellum and demonstrating Mea6 in granule cells may be more important to Fahr’s syndrome, because Math1-Cre;Mea6F/F mice displayed severer movement phenotypes than Purkinje cell-targeted pCp2-Cre;Mea6F/F mice (Wang et al., 2019).

It is shown that Mea6 is vital to the secretion of proteins including collagen, low-density lipoprotein (VLDL), and insulin (Saito et al., 2011; Saito et al., 2014; Wang et al., 2016; Fan et al., 2017). Further studies demonstrate that Mea6 regulates the sub-cellular transports of an exogenous component in cultured cortical neurons (Zhang et al., 2018) and endogenous proteins, including Slit2, BDNF, and semaphorin 3A, in Purkinje cells (Wang et al., 2019). The present work found that Mea6 deletion in granule cells decreased the total and synaptic expressions of vGluT1 by detaining it in ER. Together, these studies suggest that Mea6 regulates the intracellular transport and maturation of proteins critical to neuronal development and function. In Purkinje cells, Mea6 regulates the expression of Slit2, BDNF, and semaphorin 3A, but not γ-pcdh, Robo2, and TrkB, all of which are critical to dendritic development (Wang et al., 2019). In granule cells, Mea6 regulates the expression of vGluT1 and BDNF, but not Rab3A, synapsin-1, Rim1, Munc18-1, synaptophysin, and Munc13-1, most of which are components of soluble N-ethyl-maleimide-sensitive fusion protein attachment protein receptor (SNARE) complex. These studies indicate a broad regulation capacity of Mea6 in neurons. Another point derived from the studies in Purkinje cells and granule cells is that Mea6 regulates part but not all proteins. From the study in Purkinje cells (Wang et al., 2019), we speculated that Mea6 influences secretary proteins but not membrane proteins. Similarly, Mea6 exhibits divergent roles in pre-synaptic proteins. However, the prevailing studies are not enough to answer a core question: What is the essence of divergent effects of Mea6 regulation of protein transport? Future study is needed to define the biological functions of Mea6 based on its structure and recognition capability.

Meningioma expressed antigen six ablation in Purkinje cells reduces Slit2 expression and thereby impairs the self-avoidance of Purkinje cell dendrites (Wang et al., 2019). Consequently, pCP2-Cre;Mea6F/F mice display defective motor learning, while their gait is not changed (Wang et al., 2019). On contrast, Math1-Cre;Mea6F/F mice exhibited more defects in posture, balance, and motor learning, indicating severer symptom in these mice. The difference between two types of mutants is an interesting question. Using biochemical, immunohistochemical, and electrophysiological assays, we demonstrated that Math1-Cre;Mea6F/F mice suffered from a delayed migration of GCPs and impaired formation and function of parallel fiber-Purkinje cell synapses. It appears that dysfunctional granule cells induce more motor disorders rather than Purkinje cells. Nevertheless, this speculation might be paradoxical, because both Purkinje cells and granule cells are essential to the plasticity occurring at their innervations, which is a classic theory for cerebellum-related movements. A possible explanation for the phenotype difference is that self-avoidance defect only occurs at distal sites of parallel fibers in pCP2-Cre;Mea6F/F mice (Wang et al., 2019) with the harm far milder than overall damage in Math1-Cre;Mea6F/F mice. Alternatively, Mea6 may affect the functions of granule cells undiscovered in the present work, for example, the activation of mossy fiber-to-granule cell synapses, which is crucial to behavioral states as well.

In summary, our present findings provide further evidence to manifest the functions of Mea6 in cerebellar development and motor behaviors. We showed that Mea6 deletion in granule cells impairs the transport of vGluT1 from ER to Golgi apparatus and the formation and function of parallel fiber-Purkinje cell synapses, which might underlie the damaged motor performance in Math1-Cre;Mea6F/F mice. Last but not least, two caveats should be considered in the present work and need further studies: We had no clue to explain the cause of head inclination in Math1-Cre;Mea6F/F mice, a novel observation with dysfunctional granule cells; We did not answer why Mea6 delayed but not impeded the migration of GCPs.



CONCLUSION

The deletion of Mea6 in cerebellar granule cells causes abnormal motor symptoms in footprint, head inclination, balanced beam, and rotarod tests. Math1-Cre;Mea6F/F mice exhibited disrupted migration of GCPs and damaged parallel fiber-Purkinje cell synapses, which may be related to disrupted intracellular transport of vGluT1 and BDNF.
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Brain’s functions, such as memory and learning, rely on synapses that are highly specialized cellular junctions connecting neurons. Functional synapses orchestrate the assembly of ion channels, receptors, enzymes, and scaffold proteins in both pre- and post-synapse. Liprin-α proteins are master scaffolds in synapses and coordinate various synaptic proteins to assemble large protein complexes. The functions of liprin-αs in synapse formation have been largely uncovered by genetic studies in diverse model systems. Recently, emerging structural and biochemical studies on liprin-α proteins and their binding partners begin to unveil the molecular basis of the synaptic assembly. This review summarizes the recent structural findings on liprin-αs, proposes the assembly mechanism of liprin-α-mediated complexes, and discusses the liprin-α-organized assemblies in the regulation of synapse formation and function.

Keywords: SYD2, scaffold protein, presynaptic active zone, LLPS, protein structure, coiled coil, protein–protein interaction


INTRODUCTION

In the brain, neurons are connected and communicated with each other via highly specialized intercellular junctions, termed synapses. Chemical synapses are enriched with numerous proteins, including ion channels, receptors, enzymes, and scaffold proteins. These synaptic proteins are spatiotemporally orchestrated to control the release and receiving of neurotransmitter at the presynaptic and postsynaptic sites respectively to transmit neuronal signals (Broadie and Richmond, 2002; Sudhof, 2008, 2018; Chua et al., 2010; Harris and Weinberg, 2012; Missler et al., 2012; Ackermann et al., 2015). The precise signal response and transduction in synapse depend on the proper assemblies of presynaptic active zone and postsynaptic density, in which many scaffold proteins play essential roles to organize these assemblies through protein-protein interactions (Schoch and Gundelfinger, 2006; Feng and Zhang, 2009; Haucke et al., 2011; Sheng and Kim, 2011; Sudhof, 2012; Petzoldt et al., 2016; Biederer et al., 2017; Torres and Inestrosa, 2018; Zeng et al., 2018; Gramlich and Klyachko, 2019).

Liprin-α family proteins are core synaptic scaffolds and important for the assembly and maturation of synapses. By interacting with various synaptic proteins, liprin-αs participate in both presynaptic and postsynaptic functions, including active zone assembly, neurotransmitter release, and synaptic cargo transport (Zhen and Jin, 2004; Spangler and Hoogenraad, 2007; Stryker and Johnson, 2007; Sigrist, 2009; Ackermann et al., 2015; Wong et al., 2018) (Table 1). The liprin-α family contains four members (liprin-α1/2/3/4) in vertebrates and one member each in C. elegans and Drosophila, named SYD-2 and Dliprin-α, respectively (Serra-Pages et al., 1998; Zhen and Jin, 1999; Kaufmann et al., 2002; Astigarraga et al., 2010). In mammals, while liprin-α1 is ubiquitously expressed, liprin-α2/3 are mainly expressed in the brain and liprin-α4 was found in both the brain and testis (Serra-Pages et al., 1998; Zurner and Schoch, 2009; Wong et al., 2018). Liprin-α2/3 proteins were shown to have both presynaptic and postsynaptic localization at excitatory synapses in both hippocampus and cultured neurons (Spangler et al., 2011; Zurner et al., 2011), indicating that liprin-αs have separate presynaptic and postsynaptic functions. The dysfunction or depletion of liprin-αs in worms and mice led to abnormal ultrastructure of the active zone and impaired synaptic transmission (Zhen and Jin, 1999; Patel et al., 2006; Kittelmann et al., 2013; Spangler et al., 2013; Wong et al., 2018). Notably, mammalian liprin-α1 was extensively characterized in non-neuronal cells by its functions in cell motility (de Curtis, 2011). Considering that liprin-α1 is the predominant liprin-α isoform in glial cells (Spangler et al., 2011), liprin-α1 may also contribute to the synapse development through glial-neuron interactions.


TABLE 1. Interactions meditated by liprin-α family members.
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The sequence analysis shows that liprin-α proteins share an evolutionarily conserved domain organization, characterized by N-terminal coiled coils and C-terminal three tandem SAM (sterile-α-motif) domains (SAM123), which are the known regions for protein binding (Spangler and Hoogenraad, 2007) (Figure 1 and Table 1). The similar domain organization was found in other liprin-type scaffold proteins, liprin-β1/2 and liprin-γ (Serra-Pages et al., 1998; Astigarraga et al., 2010). In addition, some isoform/species-specific regions found in liprin-αs endow additional interactions and functions (Figure 1). In this review, we focus on the synaptic assemblies that are organized and regulated by liprin-αs. To approach this topic, we describe the high-resolution structures of liprin-αs and their complexes, dissect the protein–protein interactions in these structures, and discuss the potential implications of these structural findings on the regulation of protein assemblies required for synaptogenesis and synaptic functions.
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FIGURE 1. Domain organization of liprin-α. The diagram depicts the domains or regions of liprin-α. CC, coiled-coil region; SAH, single alpha helix; SAM, sterile-α-motif domain. Isoform or species-specific regions were shown above the schematic diagram. LCR, a liprinα3 core region in liprin-α3; Insertion, an inserted loop region in liprin-α2/3/4; PBM, a PDZ binding motif in vertebrate liprin-αs. Regions of liprin-α with solved structure were highlighted by pink lines under the diagram. PDB ids were shown under the pink lines (7D2H and 7D2G for liprin-α2_H2, 7D2E for liprin-α2_H3; 6IUH for the liprin-α2_SAH/GIT1_PBD complex; 4UWX for the liprin-α3_LCR/mDia_DID complex; 3TAC, 3TAD, 6KR4, and 6KIP for the SAM123 structures in complex with CASK_CaMK, liprin-β1_SAM123, LAR_D1D2, and PTPδ_D2, respectively; 1N7F for the liprin-α1_PBM/GRIP1_PDZ6 complex). The value curve at the bottom panel indicates sequence conservation of liprin-α proteins. The conservation score for each residue was calculated in Jalview (Waterhouse et al., 2009) using the sequence alignment of liprin-α family members across species, including Caenorhabditis elegans, Drosophila melanogaster, Danio rerio, Xenopus tropicalis, Gallus gallus, Mus musculus, and Homo sapiens. The scores from 0 to 11 indicate the most variable to the most conserved state of each residue, colored from cyan to purple gradually.




THE C-TERMINAL SAM123: PROVIDING MULTIPLE PROTEIN-BINDING SURFACES FOR SUPRAMOLECULAR ASSEMBLIES

Liprin-α was first identified as the binding protein of leukocyte common antigen-related receptor protein tyrosine phosphatases (LAR-RPTPs) that are cell surface receptors containing three members, LAR, PTPδ and PTPσ (Serrapages et al., 1995; Um and Ko, 2013; Han et al., 2016). The liprin-α/LAR-RPTP interaction is important for synaptogenesis as indicated by in vitro heterologous synapse-formation assays and in vivo characterizations of excitatory synaptic morphogenesis and electrophysiological function (Kaufmann et al., 2002; Dunah et al., 2005; Um and Ko, 2013; Han et al., 2018, 2019, 2020; Won and Kim, 2018). Biochemical analysis determined binding regions at the three SAM domains of liprin-α (also referred to as liprin homology domain or LHD) and the cytoplasmic phosphatase domains of LAR-RPTPs (Serra-Pages et al., 1998). The SAM domain is one of the most abundant protein-binding domains and consists of ∼70 amino acids folded as a five-helix bundle (Qiao and Bowie, 2005; Denay et al., 2017). Although the SAM domain appears once in most SAM-containing proteins, all liprin proteins contain three tandem SAM domains. To date, the SAM123 region of liprin-αs have been reported to mediate a diverse array of interactions with kinases (CASK and CAMKII), phosphatases (LAR-RPTPs), and other scaffolds (liprin-β1/2, mSYD1 and RSY-1) in spine formation and presynaptic assembly (Kaufmann et al., 2002; Olsen et al., 2005; Hoogenraad et al., 2007; Patel and Shen, 2009; Wentzel et al., 2013) (Table 1).

The first structural characterization of SAM123 in liprin-α2 revealed that the three SAM domains are integrated together as a structural module (Wei et al., 2011) (Figure 2A). This arrangement of the SAM domains creates several protein-binding surfaces across the SAM domains. Specifically, SAM123 was found to interact with the CaM kinase domain (CaMK) of CASK and SAM123 of liprin-β1 simultaneously, indicating that SAM123 mediates protein assemblies by using different interfaces (Figures 2B,C). This structural indication was further supported by two recent structural studies of liprin-α3 in complexes with the cytoplasmic phosphatase domains of two LAR-RPTP proteins, LAR and PTPδ (Wakita et al., 2020; Xie et al., 2020). The binding surface for LAR-RPTPs on SAM123 shows no overlap with that for either CASK or liprin-β (Figures 2B,C). Consistent with these structural findings, two ternary complexes of CASK/liprin-α2/liprin-β1 and CASK/liprin-α3/LAR mediated by SAM123 were formed in solution. To further dissect the reported protein-binding modes for SAM123, we analyzed each structural element in SAM123 contributing to the protein–protein interaction.
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FIGURE 2. Liprin-α SAM123 mediates supramolecular assemblies. (A) The structure of liprin-α SAM123. The SAM123 structure is derived from the liprin-α2/CASK complex (PDB id: 3TAC). (B) A structure model showing the SAM123-mediated protein assembly. The SAM123 structures in complex with CASK (PDB id: 3TAC), liprin-β1 (3TAD), and LAR (6KR4) are superimposed. (C) A schematic model indicates the target-binding surfaces of the liprin-α SAM123. Some surface patches on SAM2 and SAM3 may be also involved in protein binding. (D) Conformational dynamics of the αN-helix in the SAM1 domain. The rotational change of αN was indicated by a red bidirectional arrow. (E) Allosteric regulation of the binding of the liprin-α SAM123 to liprin-β1 and LAR-RPTPs. The SAM1 residues that are involved in the allosteric regulation were shown as sticks. The conformational propagation of these SAM1 residues upon LAR-RPTP binding leads to the clash (indicated by a red arrow) between the liprin-α SAM1 and liprin-β1 and thus blocks the liprin-α/β interaction.



SAM1

Consistent with its high sequence conservation (Figure 1), the SAM1 domain is crucial for the SAM123-mediated liprin-α complexes with liprin-βs, LAR-RPTPs, and CASK (Figure 2B). The crystal structure of the liprin-α2_SAM123/liprin-β1_SAM123 complex and in vitro binding assays reveal that the binding of the liprin-α SAM1 domain to the liprin-β SAM3 domain is through the typical SAM/SAM interaction (Wei et al., 2011), which has been found in many SAM-containing proteins for homo-oligomerization (Qiao and Bowie, 2005). Although liprin-βs were much less studied than liprin-αs, the formation of the liprin-α/liprin-β heterodimer that involves the six SAM domains enlarges accessible surfaces on the SAM domains for protein binding and that extends the capacity of liprin-αs to assemble more supramolecular complexes. Indeed, Drosophila liprin-α and liprin-β were reported to interact with each other via their SAM domains and function together for normal synapse formation (Astigarraga et al., 2010). Compared with the other two SAM domains, SAM1 in liprin-α contains an additional helix (αN) at the N terminus (Figure 2A). The αN-helix in the LAR-bound liprin-α3_SAM123 structure shows a large rotation (Figure 2D). This rotational change of the αN-helix alters the available surface on the SAM1 domain, implying a regulation mechanism for the binding of an unknown partner to SAM1. Of note, the αN rotation is unlikely to be induced by its binding to LAR-RPTPs, as the αN-helix in the PTPδ-bound SAM1 domain does not show a similar rotation (Figure 2D).

Interestingly, despite that the LAR- and liprin-β1-binding surfaces on the SAM1 domain are not overlapped, the binding of liprin-α to LAR and to liprin-β1 is mutually exclusive (Xie et al., 2020). Structural comparison of the SAM1 structures bound to LAR-RPTPs and liprin-β1 shows that the LAR binding to liprin-α triggers a conformational propagation of several interacting residues in the SAM1 domain and leads to the steric inhibition of liprin-β1 binding (Figure 2E). Considering that the multiple roles of liprin-αs in the synapse, this allosteric regulation is likely to control the varied components in different protein assemblies mediated by liprin-αs.



SAM2

The liprin-α SAM2 domain is sandwiched by SAM1 and SAM3, which bury the typical protein-binding surfaces of the SAM2 domain. On the other hand, SAM1 and SAM2 together generate new binding surfaces for LAR-RPTPs and CASK (Figures 2B,C). Specifically, the phosphatase domains of LAR and PTPδ interact with a cleft between the two SAM domains, whereas a surface patch opposite to the cleft facilitates the binding of CASK to liprin-α.



SAM3

The liprin-α SAM3 domain has not been found to participate in the protein-target recognition. Considering that the SAM123-mediated interactions are not fully explored and the domain organization in liprin-αs requires the three SAM domains together, we propose that the SAM3 domain may also contribute its surface for the interactions with certain binding partners of liprin-αs (Figure 2C). Of note, although the liprin-β SAM3 binds to the liprin-α SAM1, the liprin-α SAM3 cannot interact with the liprin-α SAM1 to form oligomers, as the interface residues in the liprin-β SAM3 are not conserved in the liprin-α SAM3 (Wei et al., 2011).



Accessory Elements

In addition to the SAM domains, some accessory elements in the SAM123 region are required for the complex formation between liprin-α and its specific binding partners (Figures 1, 2A). In both the crystal structures of liprin-α3_SAM123 in complex with the two tandem phosphatase domains (D1D2) of LAR and with the second phosphatase domain (D2) of PTPδ, a loop at the N-terminal to the αN-helix was found to provide a second binding site for the D2 phosphatase domains of LAR and PTPδ, suggesting a conserved two-site binding mode between liprin-αs and LAR-RPTPs (Figure 2B) (Wakita et al., 2020; Xie et al., 2020).

The liprin-α2/CASK interaction involves an insertion region between the SAM1 and SAM2 domains (Figures 2A,B), in which a valine-tryptophan-valine (“VWV”) motif is buried in a hydrophobic pocket on the CaMK domain of CASK (Wei et al., 2011). This insertion is conserved in neuronal specific liprin-αs, liprin-α2/3/4, but not in liprin-α1 and invertebrate liprin-αs. Notably, the insertion of human liprin-α2 is encoded by two exons (Zurner and Schoch, 2009), suggesting that the binding of CASK to liprin-α is an evolutionary gain and is regulated by alternative splicing.



Regulation Mechanisms of the SAM123-Mediated Interactions

The structural and biochemical characterizations of the SAM123-mediated interactions provide mechanistic insights into the understanding of liprin-α’s functions. Structure-guided mutagenesis study suggested that several X-linked mental retardation-associated mutations of CASK impair the binding of CASK to liprin-α2 (Najm et al., 2008; Tarpey et al., 2009; Wei et al., 2011). Because the VWV motif in the insertion of liprin-α2 is critical for the liprin-α/CASK interaction, Mint-1 and Caskin, which also bind to CASK using the similar VWV motif (Stafford et al., 2011; Wu et al., 2020), may interfere with this interaction. As the Veli/CASK/Mint-1 tripartite complex is involved in neurotransmitter release (Olsen et al., 2005), the CASK-binding competition between liprin-αs and Mint-1 is likely a regulation mechanism for the distribution and composition of the presynaptic assemblies.

The highly conserved association between liprin-αs and LAR-RPTPs has been extensively characterized in the synapse initiation, assembly and maintenance (Kaufmann et al., 2002; Ackley et al., 2005; Dunah et al., 2005; Han et al., 2018; Ozel et al., 2019). Catalytically inactive mutants of LAR-RPTPs failed to control axon growth or synaptogenesis (Johnson et al., 2001; Dunah et al., 2005). The SAM123 regions of liprin-αs bind to the catalytically inactive D2 domains, instead of the active D1 domains of LAR-RPTPs (Serra-Pages et al., 1998; Astigarraga et al., 2010). However, the structural findings on the liprin-α3/LAR complex implied that by binding to liprin-α proteins, LAR forms clusters on the cell surface, which promotes the self-association of the LAR D1 domain, blocking its substrate binding (Xie et al., 2020). Thus, liprin-αs may regulate the synapse formation by attenuating LAR’s activity via forming the large protein assembly. Importantly, the N-terminal coiled-coil regions of liprin-αs are also required for the cluster formation of the liprin-α/LAR complex by oligomerizing liprin-αs, which will be discussed in the next section.




THE N-TERMINAL COILED COILS: THE SELF-ASSEMBLY OF LIPRIN-α

The N-terminal coiled coils are essential for synaptic functions of liprin-αs. In C. elagans, the coiled-coil region of SYD2 is necessary and sufficient to suppress synaptic defects caused by a loss-of-function mutant of SYD2 (Dai et al., 2006; Taru and Jin, 2011) and to assemble functional synapses (Chia et al., 2013). The N-terminal conserved region of liprin-α contains three predicted coiled-coil segments, in which the first two segments are named CC1 and CC2 (Figure 1). The third one was recently characterized as a single α-helix (SAH) in solution (Liang et al., 2019), suggesting that only two coiled coils exist in liprin-α. The N-terminal region was suggested to organize self-assembly of liprin-αs (Serra-Pages et al., 1998; Astigarraga et al., 2010; Taru and Jin, 2011), presumably mediated by the coiled-coil formation despite lacking detailed investigations. In addition, several synaptic proteins (e.g., RIM, ELKS, GIT1, KIF1A, and TANC2) interact with liprin-αs via this coiled-coil region (Schoch et al., 2002; Ko et al., 2003b; Shin et al., 2003; Stucchi et al., 2018) (Table 1).


CC1

CC1 is the most conserved region among vertebrate liprin-αs and C. elegans SYD2 (Figure 1). In C. elegans, SYD2 functions together with SYD1, both of which are required for the synapse formation of hermaphrodite specific neurons (Dai et al., 2006). In mouse model, the depletion of liprin-α2, liprin-α3, or mSYD1A (a mammalian homolog of SYD1) led to the similar synaptic defects, including decreased vesicle docking and impaired synaptic transmission (Spangler et al., 2013; Wentzel et al., 2013; Wong et al., 2018). Interestingly, a single substitution of R184 with cysteine in the CC1 region of SYD2 was genetically identified as a gain-of-function mutation, which promote synaptic assembly even in the absence of SYD1 (Dai et al., 2006). An electron microscopic study demonstrated that the worm bearing the R184C mutation had highly enhanced protein-dense matrix at the presynaptic active zone (Kittelmann et al., 2013), suggesting the promoted active zone formation. Biochemical analysis indicated that the R184C mutation promotes the oligomerization of SYD2 (Taru and Jin, 2011; Kittelmann et al., 2013; Liang et al., 2020).

CC1 contains three α-helices termed H1, H2 and H3, respectively, connected by short loops. Recently, crystal structures of H2 and H3 in liprin-α2 were determined, which reveal the molecular mechanism underlying the self-assembly of liprin-αs (Liang et al., 2020). In these structures, the H2- and H3-helices are both homo-tetramerized yet through different assembly modes (Figure 3A). Combined with extensive biochemical characterizations, these structures suggest an assembly model of CC1, in which the dimeric coiled coils of H2 and H3 are either interacted with each other to form a H23 dimer or self-associated to form tetramers (Figure 3B). The gain-of-function mutation in CC1 diminishes the H2/H3 interaction and inhibits the H23 dimer formation, in return promoting H2 and H3 tetramerization and then CC1 oligomerization (Liang et al., 2020) (Figure 3C). Therefore, the mutation-promoted self-assembly of liprin-α/SYD2 provides multiple protein-binding sites and thus enhances the presynaptic recruitment of other synaptic proteins, such as ELKS for the active zone formation (Dai et al., 2006; Kittelmann et al., 2013).
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FIGURE 3. N-terminal coiled coils mediate the self-assembly of liprin-α. (A) The solved structures of liprin-α N-terminus were indicated by black boxes. The H2 (PDB id: 7D2H), H3 (7D2E), and SAH (6IUH) segment structures of liprin-α2 were shown. (B) A model indicating that the dimeric H2 and H3 competitively transit between homo-tetramers and a H23-dimer. (C) A schematic cartoon showing the self-assembly mechanism of liprin-α CC1. The transition between dimers and higher oligomers may be controlled by unknown regulators. (D) A structure model showing the complete N-terminal structure of liprin-α. The H1 segment and CC2 was modeled as coiled coils and shown in gray.


This gain-of-function effect implies that the assembly of liprin-αs under the physiological condition is determined by unknown regulator(s). The regulator(s) may increase the self-assembly of liprin-αs through stabilizing the H23 dimer or vice versa (Figure 3C). SYD1 is a promising positive regulator in this regard, as the genetic analysis indicated that SYD1 acts as an upstream factor required for SYD2’s activity on synaptogenesis (Dai et al., 2006). The coiled-coil region in SYD2 was suggested to associate with SAM123 to adopt an auto-inhibition conformation (Patel and Shen, 2009), presumably locking the H23 dimer to prevent the self-assembly of SYD2. As the mammalian homolog of SYD1 was reported to interact with liprin-α SAM123 (Wentzel et al., 2013), it is tempting to speculate that the SYD1 binding releases the auto-inhibition of liprin-α or SYD2 and thereby leads to the promoted self-assembly. The potential negative regulator is RSY-1 that inhibits the synapse formation in C. elegans (Patel and Shen, 2009). RSY-1 was found to associate with SYD2 and antagonize the pro-synaptic function of SYD2 (Patel and Shen, 2009).



CC2

The liprin-α CC2 is the binding region for ELKS and RIM, both of which participate in the ultrastructure organization and neurotransmitter release at the active zone (Ohtsuka et al., 2002; Schoch et al., 2002; Kittel et al., 2006; Wang et al., 2009, 2016; Held et al., 2016) (Figure 3D). Recent studies showed that liprin-α proteins undergo either phosphorylation-dependent phase transition or co-phase separation with ELKS (Emperador-Melero et al., 2020; Liang et al., 2020; McDonald et al., 2020). These findings indicate that the self-assembled liprin-αs act as a hub to dynamically recruit ELKS, RIM, and other binding partners to form the electron-dense protein aggregates in the presynaptic active zone observed by electron microscopy (Fouquet et al., 2009; Kittelmann et al., 2013; Spangler et al., 2013).

In addition to the liprin-α-mediated phase separation, RIM and RIM-binding protein (RIM-BP) co-phase separate and cluster calcium channels to form the active zone-like condensate in vitro (Wu et al., 2019). It is likely that the interplay between the two types of condensates, the liprin-α/ELKS condensate and the RIM/RIM-BP condensate, in the active zone contributes to the highly patterned distributions of the active zone proteins (Emperador-Melero and Kaeser, 2020). Consistently, the purified RIM and calcium channel proteins are differentially distributed in the two condensed phases in the presence of the self-assembled liprin-α (Liang et al., 2020), suggesting that liprin-α serves as a molecular sieve in protein condensates to facilitate the compartmentalization of synaptic proteins in the active zone.



Single α-Helix

The SAH region of liprin-α contains a leucine/aspartate (LD)-like motif that binds to the C-terminal PBD domain of GIT1 (Ko et al., 2003a; Asperti et al., 2011). GIT1 is a GTPase-activating protein (GAP) that plays regulatory roles in neurotransmitter release and spine formation in mice (Zhang et al., 2003, 2005; Podufall et al., 2014; Hong and Mah, 2015). This liprin-α/GIT1 interaction was defined at the postsynapse specifically for AMPA receptor clustering (Wyszynski et al., 2002; Im et al., 2003). The crystal structure of the SAH/PBD complex reveals that the SAH interacts with the GIT1_PBD through a mode differing from the canonical LD binding mode (Liang et al., 2019) (Figure 3A). As the PBD domain of GIT1 interacts with other LD-containing proteins (Schmalzigaug et al., 2007; Zhang et al., 2008), the structural finding reveals how GIT1 specifically recognized liprin-α through the SAH-mediated interaction in the synapse.

Although liprin-αs and GIT1 are also enriched at the presynaptic site, the presynaptic function of the liprin-α/GIT1 complex remain unknown. In addition, because GIT1 interacts with Stonin2 and Piccolo for synaptic vesicle recycling (Kim et al., 2003; Podufall et al., 2014) and liprin-α regulates docking and exocytosis of synaptic vesicles (Wong et al., 2018), the liprin-α/GIT1 interaction may link the cycling synaptic vesicles to the presynaptic active zone.




OTHER PROTEIN-BINDING REGIONS IN LIPRIN-αS


Liprin-α3 Core Region (LCR)

The LCR, only found in liprin-α3, folds as a short α-helix and interacts with mDia, an actin nucleator, to regulate the dynamics of actin filaments (Sakamoto et al., 2012; Brenig et al., 2015). The structural study of the LCR/mDia complex showed that the LCR prevents mDia from adopting an auto-inhibited conformation (Figure 4A), therefore promoting actin polymerization in the cell (Brenig et al., 2015). Although the LCR sequence is not conserved in other liprin-α proteins, liprin-α1 was found to interact with mDia (Sakamoto et al., 2012). Whether liprin-α1 binds to mDia by using a similar sequence in other regions or a different sequence need further study.
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FIGURE 4. Additional regions of liprin-α in protein–protein interactions. (A) The structure of the LCR in complex with mDia (PDB id: 4UWX). Base on another solved structure of mDia (PDB id: 2BAP), the surface on mDia that is involved in the autoinhibition formation was highlighted by a dotted hotpink circle, showing the two binding sites are largely overlapped. (B) The structure of the PBM in complex with the PDZ6 domain of GRIP1 (PDB id: 1N7F). (C) The manually modeled structure of the PP2A-B56/liprin-α_PBBM complex. The sequences of the PBBMs from different proteins in the solved structures were aligned with the PBBMs of liprin-αs. The residues that are involved in B56 binding were highlighted by red boxes.




PDZ Binding Motif (PBM)

PDZ binding motifs (PBMs) were found in the C-termini of vertebrate liprin-αs (Im et al., 2003; Zurner and Schoch, 2009) but not in their invertebrate homologs. The sixth PDZ domain of GRIP1 was identified to bind to the PBM of liprin-α (Wyszynski et al., 2002). The PBM-binding pocket of the dimeric GRIP1_PDZ6 is located at the distal sides of the dimer interface (Figure 4B). Dimeric PDZ6 domain mediates GRIP1 multimerization, which enhances the binding of the neighboring PDZ5 domain to receptors, clusters Glutamate receptor 2/3, and regulates AMPA receptor targeting in murine postsynapse (Wyszynski et al., 2002; Ko et al., 2003a). Alternative RNA splicing may generate some liprin-α protein products without the PBMs (Zurner and Schoch, 2009) and thus regulate the receptor binding for liprin-αs. As PBMs do not present in SYD2 or Dliprin-α, the PBM-mediated postsynaptic interaction is likely an evolutionary gain for vertebrate liprin-αs.



PP2A-B56 Binding Motif (PBBM)

In addition to tyrosine phosphatases, liprin-αs were found to interact with a serine/threonine phosphatase, protein phosphatase 2A (PP2A) (Arroyo et al., 2008; Li et al., 2014; Liu et al., 2014). Drosophila liprin-α, SYD1 and PP2A form a linear pathway for the presynapse formation (Li et al., 2014). In mammals, liprin-αs function together with PP2A in controlling the phosphorylation level of KIF7 and activating Hedgehog-target genes (Arroyo et al., 2008; Liu et al., 2014). The binding of liprin-α to the PP2A holoenzyme was mapped to the regulatory subunit of PP2A, B56 (Arroyo et al., 2008; Li et al., 2014). A systematic study of the PP2A-B56 binding motif (PBBM) uncovers a L/M-X-X-I-X-E consensus sequence motif (Hertz et al., 2016), which is also found in the very N-terminal parts of liprin-αs across different species (Figure 4C). Based on a previously solved structure of the B56/PBBM complex, the B56/liprin-α complex structure was modeled, showing that the PBBM sequence of liprin-α fits well to the typical PBBM-binding pocket of B56 (Figure 4C). Notably, as the phosphorylation of a threonine residue in the PBBM of Emi2 or RacGAP1 promotes their binding to B56 (Hertz et al., 2016), the strictly conserved threonine in the PBBM of liprin-α may be phosphorylated to regulate the liprin-α/PP2A interaction (Figure 4C).




CONCLUSION AND PERSPECTIVES

Liprin-αs are multiple-domains scaffold proteins mediating various synaptic protein assemblies through both their conserved N-terminal coiled coils and C-terminal SAM123. In these assemblies, each part of the liprin-α protein has its unique role. While SAM123 serves as a tunable hub to accommodate the different binding partners to form the large complexes, the coiled coils undergo regulated self-assembly to control the protein assemblies (Figure 5A).
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FIGURE 5. A proposed model for liprin-α assembly in mediating protein accumulation in synapse development. (A) Liprin-α is self-assembled to form a large complex and to mediate protein assemblies. (B) The highly self-assembled liprin-α proteins, indicated by red arrows, organize different receptor clustering and protein condensates (indicated by dotted circles) on both presynaptic and postsynaptic membrane in synapse formation, although no direct evidence showing the involvement of liprin-α in the clustering of Neurexin and the condensation of the GIT1/PIX complex.


The self-assembly of liprin-α not only accumulates many synaptic proteins essential for synapse formation, but also organizes these proteins on the presynaptic and postsynaptic membrane to regulate their functions. In addition to the promoting effect on LAR clustering (Xie et al., 2020) and the ELKS condensate formation in presynpase maturation (Liang et al., 2020; McDonald et al., 2020), liprin-αs are involved in several other protein assemblies in the synapse (Figure 5B). Through the interaction with CASK, the key binding partner of Neurexin in the presynapse (Butz et al., 1998; Tabuchi et al., 2002; Dean et al., 2003), liprin-αs may contribute to the presynaptic clustering of Neurexin, which plays a crucial role in the alignment of the presynaptic and postsynaptic machinery during presynaptic differentiation (Dean et al., 2003; Sudhof, 2017). Recently, two members of the LAR-RPTP family, PTPσ and PTPδ were reported to interact with Neurexin to coordinate the presynaptic assemblies (Han et al., 2020). Therefore, liprin-αs may also regulate the Neurexin-mediated assembly via LAR-RPTPs. At the postsynaptic terminal, the self-assembly of liprin-α may enhance the liprin-α/GIT1 interaction that is required for the AMPA receptor clustering (Wyszynski et al., 2002; Im et al., 2003). Finally, as the condensate formation of GIT1 and PIX was proposed to modulate the post-synaptic density (PSD) (Zhu et al., 2020), the self-assembled liprin-α may function as an upstream promoting factor for the regulation of PSD by binding to GIT1.

In support of the master scaffolding role of liprin-α, over 26 proteins have been identified to interact with liprin-αs for diverse functions (Table 1). For instance, liprin-αs assembles ELSK, RIM, and UNC13/Munc13 in the active zone for regulating synaptic vesicle release (Schoch et al., 2002; Deken et al., 2005; Bohme et al., 2016; Dong et al., 2018) and associates with KIF1A to regulate the axonal transport of vesicles (Shin et al., 2003; Hsu et al., 2011; Wu et al., 2016; Zhang et al., 2016; Stucchi et al., 2018). However, due to lacking structural and biochemical information, the molecular basis of these interactions remains elusive. The future structural research of liprin-α-mediated protein interactions will further advance our understanding of how proteins are spatiotemporally orchestrated to control neuron development and synaptic transmission.
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Cholinergic degeneration is one of the key pathological hallmarks of Alzheimer’s disease (AD), a condition that is characterized by synaptic disorders and memory impairments. Nerve growth factor (NGF) is secreted in brain regions that receive projections from the basal forebrain cholinergic neurons. The trophic effects of NGF rely on the appropriate maturation of NGF from its precursor, proNGF. The ratio of proNGF/NGF is known to be increased in patients with AD; however, the mechanisms that underlie this observation have yet to be elucidated. Here, we demonstrated that levels of miR-144-3p are increased in the hippocampi and the medial prefrontal cortex of an APP/PS1 mouse model of AD. These mice also exhibited cholinergic degeneration (including the loss of cholinergic fibers, the repression of choline acetyltransferase (ChAT) activity, the reduction of cholinergic neurons, and an increased number of dystrophic neurites) and synaptic/memory deficits. The elevated expression of miR-144-3p specifically targets the mRNA of tissue plasminogen activator (tPA) and reduces the expression of tPA, thus resulting in the abnormal maturation of NGF. The administration of miR-144-3p fully replicated the cholinergic degeneration and synaptic/memory deficits observed in the APP/PS1 mice. The injection of an antagomir of miR-144-3p into the hippocampi partially rescued cholinergic degeneration and synaptic/memory impairments by restoring the levels of tPA protein and by correcting the ratio of proNGF/NGF. Collectively, our research revealed potential mechanisms for the disturbance of NGF maturation and cholinergic degeneration in AD and identified a potential therapeutic target for AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the most common cause of dementia (Alzheimer’s Disease Facts and Figures, 2020). The main clinical symptoms of AD are progressive learning and memory deficits. Although researchers have revealed that the amyloid cascade and tauopathy play important roles in the pathogenesis of AD (Sotthibundhu et al., 2008; Knowles et al., 2009; Ovsepian et al., 2014), related drug discovery strategies and clinical trials have yet to meet with success. Until now, only five drugs have been approved by the Food and Drug Administration (FDA) for the therapy of AD; three of these (donepezil, galantamine, and rivastigmine) are cholinesterase inhibitors, thus suggesting that cholinergic dysfunction plays a critical role in the progression of AD. Previous researchers also reported that in the early stages of AD, it is the cholinergic synapses that are particularly affected by an overload of Aβ, rather than other types of synapses (Wong et al., 1999; Bell et al., 2006). In line with this, it was demonstrated that cholinergic neurons in the basal nucleus of Meynert were selectively affected in patients with AD (Whitehouse et al., 1981). Moreover, the transcription of choline acetyltransferase (ChAT) was severely repressed in existing cholinergic neurons (Wilcock et al., 1982). In the brain of aged AD transgenic mice (Tg2576), researchers observed strong staining of acetylcholinesterase (AChE) associated with dystrophic fibers within cholinergic projections (Apelt et al., 2002). Collectively, all of these abnormalities in the cholinergic systems show strong correlations with impaired synaptic/memory in AD (Oda, 1999). Therefore, it is important to investigate the precise mechanisms that cause such cholinergic dysfunction.

Nerve growth factor (NGF) is a key neurotrophic factor that is involved in the regulation of growth, maintenance, proliferation, and survival of cholinergic neurons (Niewiadomska et al., 2011). Specifically, NGF has been reported to elevate the activity and promote the expression of ChAT (Pongrac and Rylett, 1998), thus increasing the synthesis and release of acetylcholine and the expression of vesicular acetylcholine transporter (Oosawa et al., 1999). Previous work has shown that endogenous NGF is mainly generated in the hippocampi, the neocortex, and other targets within the basal forebrain (Johnston et al., 1987; Koliatsos et al., 1990; Zhang et al., 2013). Secreted NGF can be trafficked in a retrograde manner to basal forebrain cholinergic neurons (BFCNs) and plays an important role in modulating cholinergic synaptic transmission and hippocampal plasticity (Conner et al., 2009). In the AD brain, the levels of proNGF, the precursor of NGF, are known to be increased (Fahnestock et al., 1996), thus leading to a change in the proNGF/NGF ratio. Previous researchers suggested that proNGF is neurotoxic because it can bind with the p75 receptor to activate apoptotic pathways (Ioannou and Fahnestock, 2017). Numerous lines of evidence have suggested that the increased ratio of proNGF/NGF in the AD brain is due to the defective processing of proNGF into the mature form of NGF (Cuello and Bruno, 2007; Bruno et al., 2009a). This is because reduced levels of tissue plasminogen activator (tPA) and plasmin, the two key enzymes required for the processing of proNGF, have been detected in the brains of patients with mild cognitive impairments (Bruno et al., 2009a). These patients also had increased levels of MMP, an enzyme that degrades NGF (Bruno et al., 2009b). If we are to develop an NGF-based therapeutic strategy for AD, it is important that we strive to understand the mechanisms that are responsible for the deregulation of proNGF/NGF processing, particularly with regard to the reduction of tPA or plasmin.

In this study, we demonstrate that the elevation of miR-144-3p in the hippocampi and prefrontal cortex can directly inhibit the translation of its target, tPA. The loss of tPA results in an increase in the proNGF/NGF ratio, which then promotes cholinergic degeneration in a mouse model of AD. The artificial upregulation of miR-144-3p in wild-type mice fully simulated these cholinergic degeneration and synaptic/memory impairments. Finally, administration of the antagomir of miR-144-3p partially rescued the cholinergic degeneration and synaptic/memory impairments in AD mice by rebalancing the proNGF/NGF ratio.



MATERIALS AND METHODS


Animals

APPswe/PS1dE9 mice (APP/PS1 mice) were purchased from the Jackson Laboratory (Bar Harbor, ME, United States, stock #034829) and conserved in the Experimental Animal Central of Tongji Medical College at Huazhong University of Science and Technology. The genotyping protocol was performed according to the manufacturer’s instructions, and wild-type littermates were used as control. The animals were bred at room temperature with food and water ad libitum on a 12-h light/dark cycle. All animal experiments were approved by the Animal Care and Use Committee of Tongji Medical College and under its guidelines.



Cell Culture

The mouse neuroblastoma N2a cell line was maintained in DMEM supplemented with 10% fetal bovine serum (FBS) at 37°C in a 5% carbon dioxide (CO2) condition. The culture medium was replaced every 3 days. Cell transfection was performed by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instruction.



Context–Place Memory Test


Apparatus

The experimental device is two wooden boxes (30 × 50 × 50 cm), and their bottom and walls are, respectively, pasted paper with different patterns and colors to distinguish the two different contexts (1 and 2).



Procedure

Mice were familiarized to the experimental room for 30 min before the behavioral experiments and then were placed in context 1 for free exploration for 15 min. On the second day, the mice were habituated in context 2 for 15 min; the experimental process was the same as the first day. On the third day, the mice were habituated to explore contexts 1 and 2 for 5 min with a 1-h interval. Context 1 (2) was cleaned with 70% ethanol between each trial. On the fifth day, two objects with similar shape and color (A/B) were placed in contexts 1 and 2. Two of object A are placed on the left and north of context 1, and two of object B are placed on the right and north of context 2. Then the mice were placed in the center of contexts 1 and 2 for 2 min to explore the contexts and objects to learn the spatial arrangement of the objects that are associated with each context. On the test stage, two of object C are placed on the left and right of context 1 or 2, and the mice were allowed to explore context 1 or 2 for 2 min. Time spent exploring the novel object within familiar location (TF) and novel object within novel location (TN) was measured. The discrimination index was defined as follows: (TN − TF)/(TN + TF) × 100%. This behavioral paradigm was performed as previously reported (Lesburguères et al., 2017).




Quantitative RT-PCR

The total RNA was extracted by a TRIzol reagent (Invitrogen, CA, United States) following the manufacturer’s instructions. One microgram of RNA was reversely transcripted for mRNA or miRNA by a First-Strand cDNA Synthesis Kit (TOYOBO, Osaka, Japan) or a miRcute Plus miRNA First-Strand cDNA Kit (Tiangen, Beijing, China), respectively. The standard qPCR was performed on an ABI StepOnePlus real-time quantitative PCR instrument using TB Green® Premix Ex TaqTM II (Takara, Tokyo, Japan). The reaction was performed with pre-denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 5 s and annealing at 60°C for 30 s. This cycle was followed by a melting curve analysis, ranging from 60 to 95°C with temperature increases by steps of 0.5°C every 10 s. The primers used for RT-PCR detection were listed in Table 1.


TABLE 1. Primers.
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Western Blot

Mice were sacrificed, and their brains were immediately dissected. The tissues were extracted with RIPA Lysis Buffer (Beyotime, Shanghai, China) with a protease inhibitor cocktail (Roche) on ice. After boiling for 10 min, the protein samples were lysed by 20 pulses of sonication, and the concentration of proteins was measured by a BCA Protein Assay Reagent (Thermo Fisher Scientific, IL, United States). Proteins were separated by 10% SDS-PAGE gel and transferred to nitrocellulose membranes (GE Healthcare Life Sciences, Loughborough, United Kingdom). After blocking in 5% non-fat milk for 30 min, the membranes were incubated with primary antibodies (Table 2) overnight at 4°C, followed by washing with phosphate-buffered saline with Tween 20 (PBST). Then the membranes were incubated with anti-rabbit or anti-mouse IgG-conjugated secondary antibodies IRDye 800 (1:10,000; Rockland Immunochemicals) for 1 h at room temperature. The protein bands were visualized by using the Odyssey Imaging System (LI-COR, Lincoln, NE, United States).


TABLE 2. Antibodies.
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Immunohistochemistry

The immunohistochemistry was performed according to the previously described protocol (Yan et al., 2018). Mice were anesthetized using a mixture of ketamine (100 mg/kg) and dexmedetomidine (0.5 mg/kg) with intraperitoneal injection. Then the mice were perfused with 0.9% normal saline followed by precooled 4% paraformaldehyde solution. The brains were carefully taken out of the cranial cavity and soaked in 4% paraformaldehyde solution overnight. After gradient dehydration of 30% sucrose solution, coronal slices were cut with a thickness of 30 μm in a freezing cryostat (SLEE, Mainz, Germany). Brain slices were rinsed with 1 × PBS for 10 min and incubated with 0.3% H2O2 and 0.5% Triton X-100 at room temperature for 30 min to break the membrane. After those section were rinsed with PBS solution thrice, the non-specific antigen was blocked by incubation with 5% bovine serum albumin (BSA) in 1 × PBS for 30 min at room temperature. The sections were then incubated with primary antibody goat-anti-ChAT (Merck Millipore, AB144P, 1:400) at 4°C overnight. The slices were rinsed with 1 × PBS thrice and incubated with the secondary antibody biotinylated anti-goat (Vector Laboratories, BA-9500, 1:300) diluted with PBS for 2 h at 37°C. They were washed in PBS thrice and added with streptomycin-labeled peroxidase working solution (ABC-kit, Vector Laboratories, PK-4500, 1:300) for 1 h at 37°C. After being washed in PBS, the brain slices were stained in 3,3′-diaminobenzidine (DAB) staining solution (D-8001, Sigma-Aldrich, Germany) for 5–10 min, and then PBS was added to stop the reaction. Then the brain slices were stuck on glass slides coated with gelatin. After being dried, they were dehydrated in a series of ethanol, 75, 80, 95, and 100% ethanol, for 10 min each. And they were made transparent in xylene and sealed. Digital images for all slices were taken with a Coolpix 5000 Nikon Camera.



Fluorescence in situ Hybridization (FISH)

FISH was performed as previously described (Su et al., 2019). Briefly, the mice were perfused with 0.9% NaCl and 4% PFA. The brain tissues were fixed in PFA at 4°C for 24 h and then dehydrated in 30% (w/v) sucrose in PFA at 4°C until complete dehydration. The brain slices were cut at 20-μm thickness on a cryostat. The probe for miR-144-3p was synthesized by TSINGKE (Wuhan, China), and FISH was performed according to the manufacturer’s instruction. All images were obtained with a confocal microscope (ZEISS, LSM 800).



Administration of miR-144-3p Agomir and Antagomir

mmu-miR-144-3p agomir, antagomirs, and scrambled control were purchased from RiboBio (Guangzhou, China). Mice were anesthetized, and holes were made in the skull above the hippocampal CA3 (bregma: anterior/posterior −2.0 mm, medial/lateral ± 2.35 mm, and dorsal/ventral −2.35 mm). The concentration for miR-144-3p referenced previously published articles (Wang et al., 2018). About 1.5 μl of miR-144-3p antagomirs (50 μM) was stereotactically injected into the hippocampi of 11-months-old APP/PS1 mice every 2 weeks. The needle was left in the animal brain for 10 min, and it was then slowly withdrawn. Subsequently, the wound was sutured, and mice were allowed to recover.



Enzyme-Linked Immunosorbent Assay (ELISA)

The NGF ELISA was performed by mouse an NGF ELISA kit (MBS702384, MyBioSource, Inc., United States) according to the manufacturer’s instructions. Briefly, 100 mg of tissue was homogenized in 1 ml of 1 × PBS. After two freeze–thaw cycles were performed to break the cell membranes, the homogenates were centrifuged at 5,000 g, 4°C for 5 min. The supernate was removed and assayed immediately. A 100 μl sample was added into a plate well and incubated for 2 h at 37°C. NGF was captured using NGF antibody-coated plates, followed by detection with biotinylated antibody. Samples were incubated with the secondary antibody and then with avidin horseradish peroxidase (HRP). Plates were developed using tetramethylbenzidine (TMB) as a substrate. After the reaction stopped, optical density was read at 450 nm. Raw data were converted to nanograms per gram of wet tissue by comparison to a standard curve of synthetic A.



ChAT Activity Analysis

ChAT activity was determined by using a ChAT assay kit (Jiancheng Bioengineering Institute, Nanjing, China), following the manufacturer’s protocol. The tissue was removed from mice and homogenated in saline according to a weight–volume ratio of 5% (g/ml). The mixed solution was prepared at 37°C for 5 min according to the instructions, and a 25 μl of the sample was then added into the mixed solution at 37°C for 20 min. Subsequently, those samples were boiled at 100°C for 2 min to terminate the reaction, and 425 μl of double-distilled water was added. Then, samples were centrifuged at 4,000 rpm for 10 min, and 10 μl of solution 7 was added into 500 μl of supernatant for 15 min. Finally, optical density was measured at 324 nm. The ChAT activity (U/g tissue) was calculated according to the manufacturer’s instructions.



Long-Term Potentiation (LTP) Recording

Mice were sacrificed, and the brains were quickly immersed in ice-cold artificial cerebrospinal fluid (ACSF) (in mM: 3.0 KCl, 2.5 CaCl2, 125 NaCl, 1.25 KH2PO4, 26 NaHCO3, 1.2 MgSO4, and 10 glucose), which was saturated with 95% oxygen and 5% carbon dioxide. Coronal brain slices of 300 μm were prepared with a vibratome (VT1000S, Leica, Germany). Brain sections were recovered in the oxygenated ACSF at 32°C for 30 min and then at room temperature for 1 h constantly immersed in ACSF. Then, brain sections were recorded by a planar multielectrode recording setup (MED64, Alpha Med Sciences, Japan). An electrophysiological recording method and statistical analysis were performed as previously reported (Wang et al., 2018).



Luciferase Activity Assay

The wild-type or mutant tPA 3′-untranslated region (UTR) plasmid was cloned and inserted into psiCHECK-2 within XhoI and NotI restriction sites located downstream of the Renilla luciferase gene. All primers for cloning are provided as follows: wild-type tPA 3′-UTR (forward primer: 5′-CAA AGAAAGCCCAGCTCCTTC-3′, reverse primer: 5′-TTG GAAAAGTGTGAAAAATACCTC-3′); mutant tPA 3′-UTR (forward primer: 5′-GTATGTAATATCTCTTAAATAATAAATT CAGAGGTATTTTTCACA-3′, reverse primer: 5′-TAAGAGA TATTACATACAAAGTTATAGTAACAAAGTAAAAACTAAAA TAG-3′). Site-directed mutation of tPA 3′-UTR was performed by using Mut Express II Fast Mutagenesis Kit V2 (Vazyme, Nanjing, China). These plasmids were cotransfected into N2a cells with the miR-144-3p or the scramble agomir at a final concentration of 100 nM. After 48 h, cells were harvested, and lysates were used for firefly and Renilla luciferase activities using the dual-luciferase reporter assay kit (Promega) according to the manufacturer’s instruction. The normalized values (Renilla/firefly activity) were used for analysis. Experiments were performed in triplicate.



Statistical Analysis

All data were shown as the mean ± SEM and analyzed using GraphPad Prism software (version 8). A two-tailed unpaired Student’s t-test was used to assess the variance between two groups, and the difference among multiple groups was analyzed by one-way ANOVA adjusted with Tukey’s multiple comparisons. Value with p < 0.05 are considered statistically significant. Both ∗∗p < 0.01 and ∗∗∗p < 0.001 represent extremely significant difference. All the statistical analysis data are supplied in Supplementary Table 2.




RESULTS


Degeneration of the Cholinergic System Was Accompanied by Synaptic and Memory Impairments in APP/PS1 Mice

To investigate cholinergic dysfunction in a mouse model of AD, we first performed immunohistochemistry with an anti-ChAT antibody to identify cholinergic fibers in the hippocampi and the medial prefrontal cortex (mPFC), the two major regions of the brain that were projected from BFCNs (Ballinger et al., 2016). We found that the intensity of ChAT immunostaining was dramatically reduced in the hippocampi of 12-months-old AD mice when compared to that in the age-matched C57 controls (Figures 1A,B), thus indicating the loss of cholinergic fibers in AD. Specifically, the densities of cholinergic fibers had decreased to 74, 71, and 63% in the CA1, CA3, and DG areas of AD mice, respectively, when compared with wild-type controls (Figures 1C–E). In addition, the expression of ChAT protein and the levels of ChAT enzyme activity in the hippocampi were also significantly reduced in AD mice (Figures 1F,G). Similar results were also found in the mPFC region (Supplementary Figures 1A–C). Importantly, we observed some dystrophic neurites in the hippocampi and the mPFC of AD mice but not in control mice (Figure 1H and Supplementary Figure 1D). As expected, the loss of ChAT-positive neurons was obvious in the basal nucleus of Meynert (Figure 1I), which was consistent with previous report (Foidl et al., 2016). Collectively, these data strongly suggested that the degeneration of the cholinergic system occurs in the forebrain of AD mice.
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FIGURE 1. The cholinergic dysfunction was impaired in the hippocampi of AD mice. (A) Representative immunohistochemical images in the hippocampi stained with anti-ChAT antibody from APP/PS1 mice and age-matched C57 mice. Bar = 100 μm. (B) The relative density of ChAT fibers was analyzed by ImageJ. Unpaired Student’s t-test, n = 10 from four to five mice for each group, ***p < 0.001. (C–E) Representative immunohistochemical images in CA1, CA3, and DG stained with anti-ChAT antibody; the relative density of ChAT fibers was analyzed in CA1 (C), CA3 (D), and DG (E). Bar = 20 μm. Unpaired Student’s t-test, n = 10 from six mice for each group, **p < 0.01 and *p < 0.05. (F) The protein level of ChAT in the hippocampi was measured by western blotting, and the quantitative analysis was performed in the lower panel. Unpaired Student’s t-test, n = 6 mice for each group, ***p < 0.001. (G) The ChAT enzyme activity in the hippocampi was measured by an ELISA kit. Unpaired Student’s t-test, n = 6 mice for each group, *p < 0.05. (H) Representative immunohistochemical images of dystrophic neurites in the hippocampi stained with anti-ChAT antibody from APP/PS1 mice and age-matched C57 mice. Bar = 10 μm. (I) Representative immunohistochemical images of ChAT-positive neurons in the basal nucleus of Meynert stained with anti-ChAT antibody. The quantitative analysis was performed and shown in the right panel. Bar = 50 μm. Unpaired Student’s t-test, n = 6 mice for each group, ***p < 0.001.


The cholinergic system plays an important role in hippocampal synaptic plasticity and memory (Haam and Yakel, 2017). Next, we examined LTP in the CA3–CA1 synapses. We found that the input–output curve of the CA3–CA1 circuit was lower in the AD mice when compared to that in wild-type mice (Figure 2A). Following HFS stimulation, the normalized fEPSP was also reduced in the AD mice (Figures 2B,C). We also evaluated context–place memory by applying the where–which task (Figure 2D); this is a test that is known to rely on normal cholinergic functions (Easton et al., 2011). We found that wild-type mice exhibited exploration scores that were significantly greater than chance, while the AD mice did not (Figure 2E). These data suggested that synaptic plasticity and memory that were dependent on the cholinergic system were impaired in AD mice.
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FIGURE 2. The synaptic transmission and context–place memory were derogated in AD mice. (A) The input–output curve of the CA3–CA1 LTP was shown. (B) The electrophysiological recording to detect the fEPSP slope was used to evaluate the CA3–CA1 LTP. The representative fEPSP traces were shown in the upper panel, and the relative fEPSP slopes were shown in the lower panel. (C) The fEPSP slope of the last 5 min was statistically analyzed. Unpaired Student’s t-test; n = 10 slices from three mice for each group, ***p < 0.001. (D) A schematic diagram of the where–which test was used to examine the context–place memory. (E) The displacement value in the where–which test was evaluated. Unpaired Student’s t-test, n = 6–7 mice for each group, ***p < 0.001.




Disturbance of the proNGF/NGF Ratio in AD Mice Was Caused by the Reduction of tPA and Plasmin

It has been established that mature NGF plays an important role in maintaining the normal function of the cholinergic system (Cuello et al., 2019). Therefore, we first examined the expression of NGF in the hippocampi by Q-PCR, ELISA, and western blotting. In line with previous studies (Fahnestock et al., 1996), the levels of mRNA encoding NGF did not change although the total level of NGF increased dramatically in AD mice (Figures 3A,B). This raised the question as to whether NGF deregulation is involved in the cholinergic degeneration of AD mice. We noted that the levels of proNGF, but not mature NGF, were increased in AD mice (Figures 3C,D), thus suggesting the disturbance of the proNGF/NGF ratio, an occurrence that has been validated in the brain of AD patients (Peng et al., 2004). Next, we investigated how the proNGF/NGF imbalance was induced. Considering these data, we predicted that an impairment of NGF maturation might be involved. As tPA and plasmin are the two most critical enzymes required for the maturation of NGF (Bruno and Cuello, 2006), we then examined the mRNA and protein levels of these two molecules. We found that the protein levels of tPA and plasmin were significantly lower in the hippocampi of AD mice than in the wild-type mice (Figures 3E,F); however, the levels of mRNA encoding tPA and plasmin remained unchanged (Figure 3G). Thus, the loss of tPA and plasmin might be crucial for disturbance in the proNGF/NGF ratio.


[image: image]

FIGURE 3. Disturbance of the proNGF/NGF ratio in AD mice was caused by the reduction of tPA and plasmin. (A) The NGF mRNA in hippocampi of 12-months-old APP/PS1 mice and C57 mice was examined by Q-PCR. Unpaired two-tailed Student’s t-test, n = 6 mice for each group; ns, no significance. (B) The total NGF in hippocampi of 12-months-old APP/PS1 mice and C57 mice was measured by an ELISA kit. Unpaired two-tailed Student’s t-test, n = 6 mice for each group, **p < 0.01. (C,D) The protein level of mature NGF in the hippocampi of 12-months-old APP/PS1 mice and C57 mice was detected by western blotting. The representative images were shown in (C), and quantitative analysis was shown in (D). Multiple t-test adjusted with the Holm-Šidák method, n = 6 mice for each group, ***p < 0.001. (E,F) The protein levels of tPA and plasminogen (Plg) were examined in the hippocampi of 12-months-old APP/PS1 mice and C57 mice. The representative images were shown in (E), and quantitative analysis was shown in (F). Multiple t-test adjusted with the Holm–Šidák method, n = 6 for each group, ***p < 0.001. (G) The mRNA levels of tPA and Plg in the hippocampi of 12-months-old APP/PS1 mice and C57 mice were examined by Q-PCR. Unpaired two-tailed Student’s t-test, n = 6 mice for each group; ns, no significance.




Increased Expression of miR-144-3p Led to the Translational Repression of tPA

Considering that the loss of tPA was not due to the suppression of transcription, we next investigated whether posttranscriptional regulation might be involved. It is known that miRNAs are able to control gene expression at the posttranscriptional level by hybridizing to target mRNAs and thereby regulating their translation or stability (Jonas and Izaurralde, 2015). Previous researchers have reported alterations in a range of miRNAs in the AD brain (Wang et al., 2019). Therefore, we attempted to investigate whether any of these miRNAs may play an important role in the posttranscriptional repression of tPA. By using three online prediction tools (TargetScan, miRDB, and miRcode), we found that miR-144-3p may represent a key regulatory miRNA for tPA and plasmin (Figure 4A, Supplementary Figure 2, and Supplementary Table 1). Next, we investigated the levels of miR-144-3p in the hippocampi and found that levels of this miRNA were increased in AD mice (Figure 4B). By using a luciferase reporter system, we identified that miR-144-3p is able to bind with the wild-type 3′-UTR of tPA. However, when the seed-region binding site in the 3′-UTR of tPA was mutated, miR-144-3p cannot bind with it (Figure 4C). Furthermore, the binding site for miR-144-3p in the 3′-UTR of tPA is conserved in mammalian species (Figure 4D). In N2a cells, the application of the agomir or antagomir of miR-144-3p was able to downregulate or upregulate the protein levels but not the mRNA levels of tPA (Figures 4E,F and Supplementary Figure 3). In the hippocampi of AD mice, we observed a negative correlation between the levels of miR-144-3p and those of tPA (Figures 4G,H). Moreover, in the mPFC of AD mice, the levels of miR-144-3p were also increased and negatively correlated with the levels of tPA (Supplementary Figures 4A–C). Collectively, these data suggested that miR-144-3p regulates the levels of tPA in a direct manner.
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FIGURE 4. Increased expression of miR-144-3p led to the translational repression of tPA. (A) The miRNAs potentially regulating the tPA translation were shown in a Venn diagram by three different online tools as indicated. (B) The expression profiles of this candidate miRNA in the hippocampi of 12-months-old APP/PS1 mice and C57 mice were evaluated by Q-PCR. Unpaired Student’s t-test was used, n = 5 mice for each group, ***p < 0.001. (C) The wild-type (WT) or mutant (Mut) 3′-UTR of tPA in psiCHECK-2 vector was co-transfected into N2a cells with miR-144-3p agomir or scrambled control (Scr). The luciferase activity was determined at 48 h after the transfection. Multiple t-test adjusted with the Holm–Šidák method, n = 5 for each group, **p < 0.01. (D) Diagram to display the conserved binding site in tPA 3′-UTR to the miR-144-3p. The mutant sequence in 3′-UTR of tPA for luciferase analysis was provided at the bottom. (E) N2a cells were transfected with miR-144-3p agomir or Scr. The cell lysates were collected, and the protein levels of tPA were then detected 48 h later by western blotting. The quantitative analysis was shown in the lower panel. Unpaired Student’s t-test was used, n = 4 for each group, **p < 0.01. (F) N2a cells were transfected with miR-144-3p antagomir (miR-144 anta) or Scr. The protein levels of tPA were detected 48 h later by western blotting. The quantitative analysis was shown in the lower panel. Unpaired Student’s t-test, n = 4 for each group, **p < 0.01. (G) The staining of fluorescence in situ by using the probe of miR-144-3p (green) and immunofluorescence of anti-tPA (red) antibody was performed in the hippocampi of APP/PS1 mice and C57 mice at 12 months. Bar = 50 μm. The representative image of an amplified neuron was shown in the southwest corner. Bar = 5 μm. (H) The correlation analysis between the intensities of miR-144-3p and tPA in (G). n = 22 or 28 from the APP/PS1 mice or C57 mice.




The Administration of miR-144-3p Induced Cholinergic Degeneration and Synaptic/Memory Impairments

Next, we investigated whether the artificial upregulation of miR-144-3p could induce an imbalance of the proNGF/NGF ratio in the hippocampi and then lead to cholinergic degeneration and synaptic/memory impairment. To this end, we injected the agomir of miR-144-3p or the scrambled control into the hippocampi of wild-type mice at 3 months old (Figures 5A,B). Two weeks later, we subjected the mice to the where–which task. We found that the discrimination index was reduced in the mice treated with miR-144-3p (Figure 5C). Electrophysiological recordings suggested that the LTP of the CA3–CA1 circuit was also reduced in the mice treated with miR-144-3p (Figures 5D,E). We also noted that the upregulation of miR-144-3p induced a lower intensity of ChAT immunostaining in the hippocampi (Figure 5F) and decreased the expression of ChAT protein (Figure 5G). Furthermore, the levels of tPA and plasmin were decreased in the hippocampi of mice treated with miR-144-3p (Figure 5H). Importantly, the proNGF/NGF ratio was increased in the mice treated with miR-144-3p (Figure 5I). These data suggested that the artificial administration of miR-144-3p could induce cholinergic degeneration and synaptic/memory impairments by elevating the proNGF/NGF ratio.
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FIGURE 5. Overexpression of miR-144-3p induced cholinergic degeneration and synaptic/memory impairments. (A) The diagram for the stereotactic injection experiment was shown. (B) The expression of miR-144-3p was evaluated in 3-months-old C57 mice after injection of miR-144-3p agomir 2 weeks later. Unpaired Student’s t-test, n = 5 mice for each group, **p < 0.01. (C) The where–which test was used to assess the context memory after administration of miR-144-3p agomir. Unpaired Student’s t-test, n = 10 mice for each group, ***p < 0.001. (D) The electrophysiological recording to detect the fEPSP slope was used to evaluate CA3–CA1 LTP after administration of miR-144-3p agomir. The representative fEPSP traces were shown in the upper panel, and the relative fEPSP slopes were shown in the lower panel. n = 4–6 slices from three mice for each group. (E) The fEPSP slope of the last 5 min was statistically analyzed. Unpaired Student’s t-test, n = 6 from three mice for each group, *p < 0.05. (F) Representative immunohistochemical images in the hippocampi in C57 mice with miR-144-3p agomir treatment. And the quantitative analysis was shown in the right panel. Bar = 100 μm. Unpaired Student’s t-test, n = 8 from four mice for each group, ***p < 0.001. (G) Hippocampal tissue lysates from the mice above were collected, and the protein level of ChAT was detected by western blotting. Unpaired Student’s t-test, n = 6 mice for each group, **p < 0.01. (H) The protein levels of tPA and Plg were also detected in those mice by western blotting, and the quantitative analysis was shown in the right panel. Unpaired Student’s t-test, n = 6 mice for each group, ***p < 0.001. (I) The protein level of NGF was examined by western blotting in the left panel, and the normalized proNGF/NGF ratio was shown in the right panel. Unpaired Student’s t-test, n = 6 mice for each group, **p < 0.01.




The Inhibition of miR-144-3p Rescued Cholinergic Degeneration and Synaptic/Memory Impairments in a Mouse Model of AD

Finally, we investigated whether the inhibition of miR-144-3p could rescue cholinergic degeneration and synaptic/memory impairments in a mouse model of AD. We injected the antagomir of miR-144-3p into the hippocampi of 11-months-old APP/PS1 mice every 2 weeks. One month later, the high levels of miR-144-3p in APP/PS1 mice were significantly reduced by the inhibition of miR-144-3p (Supplementary Figure 5). Subsequently, we found that the inhibition of miR-144-3p (Figure 6A) significantly restored the discrimination index derived from the where–which task in the APP/PS1 mice (Figure 6B). We also observed that the LTP in the CA3–CA1 circuit was also rescued by the inhibition of miR-144-3p (Figures 6C,D). ChAT immunoreactivity in the hippocampi, along with neuronal loss in the basal nucleus of Meynert, was also restored (Figures 6E,F). Furthermore, the loss of tPA was restored, and the proNGF/NGF ratio was suppressed in mice treated with the miR-144-3p antagomir (Figures 6G,H). Thus, the inhibition of miR-144-3p was able to rescue cholinergic degeneration and synaptic/memory impairments in the mouse model of AD.
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FIGURE 6. The inhibition of miR-144-3p rescued cholinergic degeneration and synaptic/memory impairments in APP/PS1 mice. (A) The flow diagram of administration of miR-144-3p antagomir. The miR-144-3p antagomir was injected into the hippocampal CA3 of 11-months-old APP/PS1 mice that were used for subsequent experiments. (B) The where–which test was used to assess the context memory in C57, APP/PS1 + Scr (AD + Scr) and APP/PS1 + A-miR-144 (AD + A-miR-144) groups. Ordinary one-way ANOVA with Tukey’s multiple comparisons, n = 8 mice for each group, ***p < 0.001 for AD + Scr vs. C57 and ###p < 0.001 for AD + A-miR-144 vs. AD + Scr. (C) The electrophysiological recording to detect the fEPSP slope was used to evaluate the CA3–CA1 LTP of those three groups. The representative fEPSP traces were shown in the upper panel, and the relative fEPSP slopes were shown in the lower panel. n = 5–8 slices from three mice for each group. (D) The fEPSP slope of the last 5 min was statistically analyzed. n = 5–8 from three mice for each group, ***p < 0.001 for AD + Scr vs. C57 and ##p < 0.01 for AD + A-miR-144 vs. AD + Scr. (E) Representative immunohistochemical images in the hippocampi from mice in those three groups were shown in the left panel, and the quantitative analysis was shown in the right panel. Bar = 100 μm. Ordinary one-way ANOVA with Tukey’s multiple comparisons, n = 12 from four mice for each group, ***p < 0.001 for AD + Scr vs. C57 and #p < 0.05 for AD + A-miR-144 vs. AD + Scr. (F) Representative immunohistochemical images of ChAT-positive neurons in the basal nucleus of Meynert were shown. Bar = 100 μm. The quantitative analysis was indicated in the right panel. Ordinary one-way ANOVA with Tukey’s multiple comparisons, n = 8 from four mice for each group, ***p < 0.001 for AD + Scr vs. C57 and #p < 0.05 for AD + A-miR-144 vs. AD + Scr. (G) The protein level of tPA was detected in those mice by western blotting, and the quantitative analysis was shown. Ordinary one-way ANOVA with Tukey’s multiple comparisons, n = 6 mice for each group, ***p < 0.001 for AD + Scr vs. C57 and ###p < 0.001 for AD + A-miR-144 vs. AD + Scr. (H) The protein level of tPA was detected in the left panel, and the quantitative analysis was shown in the right panel. Ordinary one-way ANOVA with Tukey’s multiple comparisons, n = 6 mice for each group, ***p < 0.001 for AD + Scr vs. C57 and ##p < 0.01 for AD + A-miR-144 vs. AD + Scr.





DISCUSSION

In this study, we demonstrated that cholinergic degeneration is accompanied by synaptic disorders in the hippocampi and memory impairments in AD mice. One of the most prominent clinical symptoms of AD patients is the progressive decline in spatial memory. More specifically, these patients persistently forget where they are or how they arrived at particular locations (Alzheimer’s Disease Facts and Figures, 2020). A previous clinical study recruited 31 patients with AD and 35 healthy aged-matched controls; a context memory task revealed that the AD patients exhibited difficulties in remembering information related to “who,” “where,” and “when” (El Haj and Antoine, 2018). Previous studies suggested that compromised function in the hippocampi and prefrontal cortex may contribute to contextual memory errors in patients with AD (Mitchell et al., 2006). Here, we demonstrated cholinergic degeneration, such as the loss of cholinergic fibers, the formation of dystrophic neurites, and the reduction of ChAT activity, in the hippocampi and mPFC of AD mice with contextual memory impairments. It is known that the hippocampi and mPFC are the two key brain regions that receive cholinergic projections from the BFCN. Previous research showed that the impairment of cholinergic neurons in the medial septum of rats led to a worse performance in where–which memory (Easton et al., 2011). In addition, acetylcholine in the hippocampi is able to encode novel contexts into a higher priority by controlling sensory inputs from proactive inhibition (Maurer and Williams, 2017). Therefore, cholinergic degenerations in the hippocampi might play an important role in the contextual memory impairments in AD mice. By reversing the cholinergic degeneration induced by the suppression of miR-144-3p, we found that we were able to rescue the contextual memory impairment.

The deregulation of miRNAs has been well validated in AD (Liu et al., 2017; Wang et al., 2018; Tang et al., 2019; Xie et al., 2019; Hou et al., 2020). In the present study, we found that miR-144-3p was upregulated in the hippocampi and mPFC of mice with AD. The injection of the agomir of miR-144-3p into the hippocampi led to cholinergic degeneration, hippocampal synaptic disorders, an imbalance of the proNGF/NGF ratio, and contextual memory deficits, as seen in patients with AD. In line with our current data, previous work showed that miR-144-3p can be stimulated by Aβ and then suppress the expression of A disintegrin and metalloprotease 10 (ADAM10) (Cheng et al., 2013). The reduction of ADAM10 promoted the generation of Aβ and formed a vicious cycle. And this report also indicated that transcription factor AP-1 promoted the expression of miR-144 through the AP-1 binding sites located upstream of the miR-144 precursor. Previous research has also reported increased expression levels of miR-144-3p in the plasma of patients with traumatic brain injury (TBI) and rat models of TBI. The inhibition of miR-144-3p exerts protective effects on the rat model of TBI, including the reduction of lesion volume and brain edema, and also recovered cognitive deficits (Sun et al., 2017). miR-144-3p has also been implicated in many other neurological disorders. For example, miR-144-3p was shown to be an extinction-specific regulated miRNA due to the fact that the expression of miR-144-3p was increased in the amygdala of both extinction-intact BL6 mice and extinction-rescued 129S1/SvlmJ mice (Murphy et al., 2017). Researchers have also discovered that the plasma levels of miR-144-3p were reduced in patients suffering from depression. Interestingly, after 8 weeks of psychotherapy, the expression levels of miR-144-5p were restored to normal, as seen in healthy controls (Wang et al., 2015). A genome-wide study suggested that miR-144-3p plays a crucial role in brain aging and the pathogenesis of spinocerebellar ataxia (Persengiev et al., 2011). We also identified that the increased levels of miR-144-3p inhibit the translation of tPA and subsequently lead to an imbalance of the proNGF/NGF ratio in AD mice. Indeed, a number of validated targets for miR-144-3p have been associated with signals related to synaptic plasticity, including the PI3K/AKT (Jiang et al., 2015), MAPK/ERK (Li et al., 2014), and Notch signaling pathways (Sureban et al., 2011). Interestingly, NGF has been linked with the PI3K/AKT (Sang et al., 2018), MAPK/ERK (Karmarkar et al., 2011), and Notch signaling pathways (Salama-Cohen et al., 2006) and can independently stimulate neuronal projections, neuroprotection, and synaptic inputs. Thus, maintaining the appropriate expression levels of miR-144-3p might be very important with regard to NGF and related signaling pathways.

NGF is a neurotrophin that is highly conserved across vertebrates (Ullrich et al., 1983). The maturation of NGF results from the cleavage of the NGF precursor and forms a biologically active dimer (Iulita and Cuello, 2014). Its mRNA has been shown to exist in the neocortex and hippocampi, while relatively high NGF protein levels have been detected in the cell body of neurons in the basal forebrain and septum (Korsching et al., 1985). Cholinergic neurons in the basal forebrain require NGF in order to maintain functional capability; NGF can be transported in a retrograde manner from the fibers to innervate cholinergic neurons (Hamburger and Levi-Montalcini, 1949). Research has shown that the expression of NGF was positively correlated with the levels of ChAT and AChE during postnatal development (Isaev et al., 2017). Furthermore, cholinergic neurons were shown to be impaired in NGF-knockout mice (NGF+ /−); this was accompanied by memory and learning deficits (Chen et al., 1997). Furthermore, the number of cholinergic neurons was dramatically reduced in AD (Yan et al., 2018), while the application of NGF in AD mice prevented cholinergic deficit, β-amyloid accumulation, and memory loss (Eyjolfsdottir et al., 2016; Yan et al., 2018). Collectively, these reports were consistent with our findings in that the indirect restoration of NGF by the injection of an antagomir of miR-144-3p could rescue cholinergic metabolic dysfunction and contextual memory in AD mice.

Collectively, our data demonstrated that the elevation of miR-144-3p may play an important role in the imbalance of the proNGF/NGF ratio and that this event subsequently leads to cholinergic degeneration and synaptic/memory impairments in AD (Figure 7).


[image: image]

FIGURE 7. Schematic diagram of the current study. In normal conditions, the proper levels of tPA and plasmin play an important role in the maturation of NGF and maintain the function of the cholinergic system. In AD, the elevation of miR-144-3p leads to the downregulation of tPA and plasmin, which in turn inhibits the maturation of NGF and impairs the plasticity of cholinergic neurons.
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Impaired insulin release is a hallmark of type 2 diabetes and is closely related to chronically elevated glucose concentrations, known as “glucotoxicity.” However, the molecular mechanisms by which glucotoxicity impairs insulin secretion remain poorly understood. In addition to known kiss-and-run and kiss-and-stay fusion events in INS-1 cells, ultrafast Hessian structured illumination microscopy (Hessian SIM) enables full fusion to be categorized according to the newly identified structures, such as ring fusion (those with enlarged pores) or dot fusion (those without apparent pores). In addition, we identified four fusion intermediates during insulin exocytosis: initial pore opening, vesicle collapse, enlarged pore formation, and final pore dilation. Long-term incubation in supraphysiological doses of glucose reduced exocytosis in general and increased the occurrence of kiss-and-run events at the expense of reduced full fusion. In addition, hyperglycemia delayed pore opening, vesicle collapse, and enlarged pore formation in full fusion events. It also reduced the size of apparently enlarged pores, all of which contributed to the compromised insulin secretion. These phenotypes were mostly due to the hyperglycemia-induced reduction in syntaxin-1A (Stx-1A) and SNAP-25 protein, since they could be recapitulated by the knockdown of endogenous Stx-1A and SNAP-25. These findings suggest essential roles for the vesicle fusion type and intermediates in regulating insulin secretion from pancreatic beta cells in normal and disease conditions.

Keywords: fusion pore, exocytosis, SNARE, secretory vesicle, insulin, glucotoxicity, structured illumination microscopy


INTRODUCTION

Insulin is a physiological hormone released from pancreatic beta cells and plays a vital role in regulating blood glucose levels. In mammalian cells, an increase in glucose blocks ATP-dependent potassium channels, leading to membrane depolarization and the influx of calcium that triggers insulin granule exocytosis (Flatt et al., 1980). Glucose-stimulated insulin secretion (GSIS) is compromised in diabetes, which, in part, leads to the long-term hyperglycemia condition first proposed by Unger et al. in the 1980s as “glucotoxicity” (Unger and Grundy, 1985; Ostenson and Efendic, 2007; Bensellam et al., 2012). The molecular mechanisms underlying glucotoxicity, however, have not been fully explored. In addition to enhanced ER stress (Lemaire and Schuit, 2012), cell apoptosis (Tomita, 2016), altered Ca2+ signaling (Klec et al., 2019), and reduced insulin secretion ability are associated with decreased SNARE proteins (Gaisano et al., 2002; Zhang et al., 2002). Interestingly, insulin granules are released from fusion pore intermediate structures, as demonstrated indirectly by optical imaging (Takahashi et al., 2002) and directly by electrophysiological methods (MacDonald et al., 2006), which could help more selectively release of neurotransmitters over insulin from the granules. It has been suggested that SOX4, which is overexpressed in diabetes, may reduce insulin secretion by impairing fusion pore expansion (Collins et al., 2016). These data indicate a possible link between fusion intermediate dysregulation and defective insulin secretion in diabetes, although a systematic investigation is needed.

Fusion pores were first detected by the electrochemistry method (Chow et al., 1992). Hormone release from granules oxidized by a carbon fiber electrode (CFE) was detected as an electric current with “foot signals,” which are thought to arise from the restricted diffusion of molecules by narrow pores (Wightman et al., 1991; Zhou et al., 1996). In combination with membrane capacitance recording (Albillos et al., 1997), the opening and reversible flickering of a small pore in some fusion events was established as “kiss-and-run” (MacDonald et al., 2006; Hanna et al., 2009). Additionally, methods based on real-time fluorescence imaging have also been used to detect the regulation of vesicle secretion and to probe the spatial profiles of vesicle exocytosis (Anantharam et al., 2010; Zhao et al., 2013; Bendahmane et al., 2018). However, with a limited spatiotemporal resolution, these imaging methods mainly indirectly classify different types of exocytosis based on fluorescently tagged proteins’ kinetics after fusion (Guček et al., 2019). Recently, we developed ultrasensitive Hessian structured light illumination microscopy (Hessian-SIM) (Huang et al., 2018). Meanwhile, we labeled VAMP2 (vesicle-associated membrane protein-2/synaptobrevin) with the pH-sensitive variant of GFP (pHluorin) to visualize single exocytotic vesicles. The pHluroin attached to the lumenal side of VAMP2 is quenched before exocytosis. During exocytosis, the vesicle fuses with the plasma membrane and exposes its lumen. The dequenching of luminal pH from 5.5 to 7.3 leads to an increase in the pHluorin fluorescence, which marks vesicle fusion (Miesenböck et al., 1998). Thus, this technique enables enlarged fusion pores and other millisecond fusion intermediates labeled with VAMP2-pHluorin to be observed in live INS-1 cells.

In the current study, Hessian SIM imaging in INS-1 cells cultured in different glucose concentrations demonstrated that long-term hyperglycemia reduced secretion events and switched the vesicle fusion mode from full fusion to kiss-and-run fusion. Besides, hyperglycemia also delayed fusion pore opening and vesicle collapse, reduced the size of enlarged fusion pores, and hindered full fusion pore expansion. Overall, we demonstrate possible mechanisms underlying insulin secretion that are compromised by different levels of sustained glucose exposure.



RESULTS


INS-1 Cell Exocytosis Mainly Exhibited Full-Fusion and Kiss-and-Run Fusion Modes

Insulin granule exocytosis was evoked by a depolarizing solution containing high K+ (70 mM KCl and 20 mM glucose), and was continuously recorded in real-time for 10 min at a frame rate of 291 Hz using the TIRF-SIM microscope. The fusion events were characterized by a transient fluorescence increase at the center of the VAMP2-pHluorin molecule intensity, followed by a decay to baseline (Figures 1A–D).
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FIGURE 1. Hessian-TIRF-SIM reveals four types of exocytosis. INS-1 cells were transfected with VAMP2-pHluorin and stimulated with 70 mM KCl and 20 mM glucose. (A) Left: representative SIM images showing ring fusion events. Montages (upper) and kymographs (lower) of a ring fusion event in vesicles labeled with VAMP2-pHluorin (cyan). Scale bar, 300 nm; frame rate, 291 Hz [with the “rolling” procedure (Huang et al., 2018)]. Right: changes in fluorescence intensities of annulus (gray) and center (cyan) regions of the fusion event shown in (E). Inset: a high magnification of the trace. Durations t1, t2, and t3 and the decay constant τ (fitted with a single exponential function) describe the durations of different intermediates: the initiation of fusion pore opening, collapse of the vesicle with the plasma membrane, formation of enlarged pores, and final dilation, respectively. (B–D) The montages, kymographs, and time-dependent fluorescence traces of a representative dot fusion (B), a kiss-and-run event (C), or a kiss-and-stay event (D). Notably, the fluorescence intensities at the annulus region surrounding the exocytotic site exhibited either no change under kiss-and-run fusion (gray, C, right) or a small and delayed increase under kiss-and-stay fusion (gray, D, right). (E) The annulus (gray) represents the diffusion area between the inner (10 pixels in diameter) and outer (16 pixels in diameter) circles; the center (cyan) represents the inner circle of the fusion pore area. Scale bar, 200 nm. (F) Percentages of ring fusion, dot fusion, kiss-and-run exocytosis, and kiss-and-stay exocytosis evoked by 70 mM KCl and 20 mM glucose (n = 150 fusion events from 10 cells). (G) The fluorescence intensity profiles for the dotted lines across the enlarged pore (lower) and fluorescence puncta (upper). Diameters were measured as the full width at half maximum (FWHM) of the fluorescence valley (lower, pore size) and peak (upper, puncta size), which gave sizes of 202 ± 27 nm (n = 35 fusion events) and 92 ± 19 nm (n = 40 fusion events) for the pore and puncta, respectively. Scale bar, 100 nm. (H–L) Averaged calculations of t1, t2, t3, τ, and the amplitude change of different types of exocytosis (n = 300 fusion events from 6 cells). *p < 0.05, **p < 0.01, ***p < 0.001.


Regarding the pHluorin-labeled events, we observed four categories of fusion modes according to their fluorescence intensity profile and diffusion pattern: ring fusion (full fusion with a “ring” structure, Figure 1A), dot fusion (full fusion with puncta, Figure 1B), kiss-and-run (K&R, Figure 1C) and kiss-and-stay (K&S, Figure 1D) according to their fluorescence intensity profile and diffusion pattern. In full fusion events (ring and dot fusion), corresponding to spreading or discharge, a robust fluorescence increase occurred both at the center and in the annular area of VAMP2-pHluorin molecules (Figures 1A,B,E), indicating the full collapse of a vesicle’s one-time diffusion to the plasma membrane and a dilated fusion pore. In contrast, confined events (kiss-and-run and kiss-and-stay) showed a brightening of the central intensity but no or a limited fluorescence increase in the annular area (Figures 1C–E), representing transient opening and reclosure of a restricted fusion pore that limits vesicle collapse.

Markedly, 80% of the total vesicle exocytotic events were full fusion (Figure 1F), including ring fusion (25%, FWHM ∼202 ± 27 nm in diameter, Figures 1F,G) and dot fusion (55%, FWHM ∼92 ± 19 nm in diameter, Figures 1F,G), when depolarizing stimulation using high K+ solution were applied to INS-1 cells. The percentages of kiss-and-run and kiss-and-stay events were 15 and 5%, respectively (Figure 1F). Collectively, the data indicate that after stimulation by membrane depolarization, full fusion and Kiss-and-run fusion are the dominant release modes in INS-1 cell exocytosis.

Next, we characterized the kinetics of single fusion events. A previous study showed that for the ring and dot fusions, with an improved frame rate of 291 Hz [via a “rolling” SIM reconstruction (Huang et al., 2018), four kinetically distinct steps could be dissected (Huang et al., 2018)]: (1) an initial rapid increase in the fluorescence intensity (fast rise, duration t1), which appeared to represent the initial pore opening when vesicular H+ efflux occurred; (2) a slower increase (slow rise, duration t2) due to the movement of the fusing vesicle toward the plasma membrane; and (3) a stage in which the fluorescence remained elevated (plateau phase, duration t3) and during which the enlarged fusion pore formed; and (4) the final return of fluorescence to the baseline value (decay phase, the time constant τ), which refers to the final dilation of the vesicle (Figure 1A, higher magnification inset, Figure 5). Meanwhile, for kiss-and-run and kiss-and-stay events, the fusion of single vesicles exhibited only the fast rise phase t1 and the decay phase (time constant τ); the slow-rise and plateau phases were absent (Figures 1C,D). The rising phase probably represents fusion pore opening, and the decay phase may depict the vesicle resealed and reacidification of the vesicle lumen at the kiss-and-run events (Figure 5).

Further, we found that the average t1, t3, and τ values for ring fusion were 1.5–3.5-fold longer than those for dot fusion events. Given the rate of change in fluorescence was the same in the two populations according to a previous study (Huang et al., 2018), more time is needed for the dequenching or diffusion of VAMP2 in vesicles undergoing ring events. Simultaneously, the mean peak intensity of ring events was 1.5-fold higher than that of dot events, suggesting that ring events involve vesicles with larger membrane surfaces (Figure 1H). Among the confined events, the rise times are similar between kiss-and-run (∼60 ms) and kiss-and-stay (∼64 ms) events (Figure 1I), but were markedly slower than full fusion events, in agreement with smaller fusion pores. In contrast, the vesicle collapse times of full fusion were quite similar (Figure 1J). In addition, ring events remained in the enlarged fusion pore intermediate phase (t3) for more extended periods (Figure 1K). Finally, the decay time (τ) of kiss-and-stay events was 3.5-fold longer than that of kiss-and-run events, suggesting very slow diffusion of vesicular proteins on the plasma membrane (Figure 1L).



Sustained Exposure of INS-1 Cells to High Glucose Concentrations Decreased the Full Fusion Frequency and Evoked More Liss-and-Run Events

To better explore the mechanism by which chronic hyperglycemia impairs GSIS, we established a glucose toxicity model in INS-1 cells. Briefly, glucotoxicity conditions were created by exposing INS-1 cells to RPMI 1640 full culture medium containing 20 or 30 mM glucose for 120 h. The cells were then used to detect cell function under GSIS conditions. Using ELISA experiments to detect insulin secretion, we showed that (1) for INS-1 cells cultured in the presence of basal (5 mM) glucose, stimulation with 16.7 mM glucose produced a threefold enhancement of insulin secretion; and (2) with increasing concentrations of glucose in the medium, the secretory response to 16.7 mM glucose was reduced by 40–68% in cells cultured under high glucose (p < 0.01) (Supplementary Figure 1).

Next, to determine whether high glucose treatment inhibits vesicle synthesis, we counted the number of vesicles labeled with VAMP2-pHluorin after NH4Cl incubation (50 mM, 2 min) under control (11 mM glucose) and hyperglycemic conditions (high glucose: 20 and 30 mM) (Figure 2A). Although diameters of granules in cells cultured in 20 and 30 mM glucose remained unchanged (Figure 2H and Supplementary Figure 3), hyperglycemia significantly reduced the number of secretory vesicles (Figure 2C). This result agreed with the reduced insulin granules immunofluorescently labeled in INS-1 cells cultured under elevated glucose concentrations (Supplementary Figure 2). Meanwhile, the hyperglycemic conditions severely reduced the fusion frequency (Figures 2B,D) and the probability of vesicle release (Figure 2E), confirming the reduced exocytosis in cells after long-term incubation in high glucose concentrations (Supplementary Figure 1).
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FIGURE 2. In addition to reduced exocytosis, hyperglycemia leads to more kiss-and-run events at the expense of full fusion events in INS-1 cells. (A) Vesicles labeled with VAMP2-pHluorin after NH4Cl incubation (50 mM, 2 min) observed in control cells cultured in normal glucose (11 mM) or supraphysiological glucose (20 and 30 mM) for 120 h. Scale bar: 3 μm. (B) Time-dependent exocytosis triggered by 20 mM glucose and 70 mM KCl in INS-1 cells cultured under different glucose concentrations. (C–E) Normalized total vesicle numbers (C, Control: n = 180 vesicles; 20 mM: n = 186 vesicles; 30 mM: n = 182 vesicles), release frequency (D), and release probability (normalized to the total vesicle number, E). (F,G) The percentage of ring fusion, dot fusion (F), kiss-and-run, and kiss-and-stay events (G) under different glucose concentrations. (H) Vesicle diameters in INS-1 cells cultured under different glucose concentrations (control: n = 180 vesicles; 20 mM: n = 186 vesicles; 30 mM: n = 182 vesicles). (I,J) The t1 and τ of kiss-and-run (I, n = 80) and kiss-and-stay events (J, n = 60 fusion events) under different glucose concentrations. *p < 0.05, **p < 0.01, ***p < 0.001.


Thus, we examined the fusion mode. Surprisingly, long-term exposure to high glucose concentrations reduced the full fusion percentage (Figure 2F, ring fusion: ∼25–5%; dot fusion: ∼55–30%) and triggered more kiss-and-run events (∼15–60%), while the percentage of kiss-and-stay events remained unchanged (∼5%) (Figure 2G). Regarding whether high glucose treatment altered the kinetics of the confined events, the results showed a slower rise time for kiss-and-run events, which reflected a longer brightening time for the pHluorin molecules and a smaller fusion pore (Figure 2I). In contrast, kiss-and-stay events showed more tolerance to glucotoxicity since the rise and decay times showed no significant differences compared to the events under control glucose concentrations (Figure 2J).



Restricted Fusion Pore, Delayed Opening, Vesicle Collapse, and Enlarged Pore Formation of Full Fusion Events Under Long-Term Hyperglycemia Conditions

Next, we investigated spatiotemporal kinetics of full fusion events revealed by the Hessian SIM, and compared the fusion pore sizes at t2 (vesicle collapse) and t3 (enlarged pore formation) under normal (11 mM glucose) and long-term hyperglycemia (20 mM and 30 mM glucose, 120 h) conditions. The results showed that glucotoxicity reduced the fusion pore size (Figures 3A,B), from 198 ± 15 nm (Control, n = 30) to 153 ± 11 nm (20 mM, n = 25) and 120 ± 9 nm (30 mM, n = 35) at the t2 stage, and from 230 ± 12 nm (Control, n = 30) to 168 ± 12 nm (20 mM, n = 30) and 132 ± 10 nm (30 mM, n = 20) at the t3 stage. Correspondingly, long-term exposure to glucose also delayed ring fusions. A longer period of time was needed to observe the first appearance of pore structures (Figure 3C), along with delayed initial fusion pore opening (Figure 3D, t1), vesicle collapse, and extended large pore formation (Figure 3D, t2, t3). The final dilation and diffusion of the vesicular membrane, however, was not affected. Similarly, t1, t2, and t3 were all slowed in dot fusion events from cells been treated with high glucose for 120 h (Figure 3E).
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FIGURE 3. Hyperglycemia delays the opening of the fusion pore, vesicle collapse, and enlarged pore formation in full fusion events and reduces the size of apparently enlarged pores. (A) Representative images of enlarged pores at the t2 and t3 stages under different conditions. Scale bar: 200 nm. (B,C) Average pore sizes and pore occur times under different conditions (Control: n = 80 fusion events from 25 cells; 20 mM glucose: n = 120 fusion events from 20 cells; 30 mM glucose: n = 90 fusion events from 20 cells). (D,E) Effects of long-term hyperglycemia on fusion intermediates of ring fusion and dot fusion (ring fusion: n = 50 fusion events from 10 cells; dot fusion: n = 60 fusion events from 8 cells). *p < 0.05, **p < 0.01, ***p < 0.001.




Hyperglycemia-Induced Reduction in SNARE Protein Expressions Contributes to the Altered Fusion Dynamics

To better explore the underlying mechanisms, we further determined whether glucotoxicity altered expressions of key regulators in vesicle fusion, SNARE proteins. Surprisingly, we found that core SNARE complex expression was significantly reduced at higher glucose concentrations (Figure 4A and Supplementary Figure 4). Correspondingly, knocking down syntaxin-1A and SNAP-25 in INS-1 cells decreased the fusion frequency (Figure 4B), triggered more kiss-and-run events (Figure 4C), and restricted the fusion pore size (Figure 4D), which were similar to the effects of hyperglycemia.
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FIGURE 4. Hyperglycemia alters fusion kinetics by decreasing the expression of the core SNARE complex in INS-1 cells. (A) Representative examples of reduced expression of SNARE proteins in INS-1 cells cultured at elevated glucose concentrations. Tubulin was used as a control (four repeats in each condition). (B) Fusion frequencies in control INS-1 cells (n = 25 cells); cells with knockdown (KD) of VAMP2 (n = 10 cells), syntaxin-1A (Stx-1A) (n = 16 cells), or SNAP-25 (n = 18 cells), and KD cells overexpressing designated SNARE proteins as the rescue (KD+ Rescue) (VAMP2: n = 10 cells; syntaxin-1A: n = 16 cells; SNAP-25: n = 18 cells). (C) Percentage of full fusion, kiss-and-run and kiss-and-stay events upon KD of SNARE proteins (Control: n = 90 fusion events from 7 cells; Stx-1A KD: n = 60 fusion events from 8 cells; SNAP-25 KD: n = 85 fusion events from 9 cells). (D) Average sizes of enlarged fusion pores during the t2 and t3 stages upon KD of SNARE proteins (Control: n = 35 fusion events from 6 cells; Stx-1A KD: n = 25 fusion events from 10 cells; SNAP-25 KD: n = 30 fusion events from 10 cells). (E,F) Fusion pore intermediates of ring fusion upon KD of syntaxin-1A (E), SNAP-25 (F) (Control: n = 35 fusion events from 6 cells; Stx-1A KD: n = 25 fusion events from 10 cells; SNAP-25 KD: n = 30 fusion events from 10 cells) and SNARE proteins KD+ Rescue (Stx-1A: n = 30 fusion events from 7 cells; SNAP-25: n = 26 fusion events from 10 cells). (G) Dynamics of kiss-and-run events in INS-1 cells with KD of syntaxin-1A, SNAP-25 (Control: n = 25 fusion events from 6 cells; Stx-1A KD: n = 20 fusion events from 7 cells; SNAP-25 KD: n = 30 fusion events from 7 cells) and SNARE proteins KD+ Rescue (Stx-1A: n = 25 fusion events from 5 cells; SNAP-25: n = 30 fusion events from 8 cells). *p < 0.05, **p < 0.01, ***p < 0.001.


Next, we determined how the fusion pore dynamics changed when interfering with syntaxin-1A and SNAP-25. For ring fusion, decreased syntaxin-1A expression slowed early pore opening and inhibited vesicle collapse to the plasma membrane (Figure 4E), while decreased SNAP-25 expression slowed early pore opening, inhibited vesicle collapse, and hindered the enlarged pore formation process (Figure 4F). Similar results occurred in dot fusion (Supplementary Figures 5A,B). In addition, decreased SNARE expression also inhibited the initial pore opening of kiss-and-run events (Figure 4G) but had no significant effect on kiss-and-stay events (Supplementary Figure 5C), phenocopied the effects of long-term exposure to high glucose in INS-1 cells.



Proposed Working Model: Long-Term Exposure to High Glucose Changed the Fusion Mode and Inhibited Fusion Pore Dynamics

Hessian SIM microscopy enabled the direct visualization of the insulin fusion process and led us to the following conclusions:


1.Glucotoxicity triggers more kiss-and-run events while decreasing full fusion events, which may reduce insulin secretion.

2.For full fusion events, glucotoxicity changes the fusion pore dynamics by restricting the fusion pore size, hindering fusion pore opening, delaying vesicle collapse, and inhibiting the pore expansion process. For kiss-and-run events, glucotoxicity only inhibits fusion pore opening (Figure 5).

3.Glucotoxicity regulates fusion pore dynamics by decreasing SNARE complexes, which may be the potential mechanism leading to defective insulin secretion in diabetes.
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FIGURE 5. Proposed model of exocytosis under normal and glucotoxicity conditions.




DISCUSSION

Here, we revealed that glucotoxicity impacts insulin secretion at three different levels. While the reduction in glucose-stimulated fusion events agrees, in general, with previous studies (Kawahito et al., 2009), the increase in the relative ratio of kiss-and-run fusion came at the cost of reduced full fusion. The relative occurrence of kiss-and-run in insulin-secreting cells varies widely, from completely absent (Ma et al., 2004) to the vast majority of events (Tsuboi and Rutter, 2003). Exogenously overexpressing VAMP2-pHlourin may perturb the intrinsic secretion properties of insulin granules. Fusion dynamics may differ upon different vesicular labeling strategies (Rutter et al., 2006; Caromile et al., 2010). However, both the numbers of insulin granules detected by the immunofluorescence microscope (Supplementary Figure 2) and the secretion detected by the ELISA experiments (Supplementary Figure 1) agreed nicely with experiments conducted with VAMP2-pHlourin (Figures 2A–D). Therefore, we believe that the exogenously expressed VAMP2-pHlourin does not significantly affect the exocytosis of insulin granules. By defining fusion events with no diffusion of VAMP2-pHluorin from the release sites as kiss-and-run events (Figure 1C), the percentage of these events increased from 15 to 60% in cells cultured with 30 mM glucose, suggesting an important role of insulin release regulated by the fusion mode.

By applying Hessian SIM, we identified enlarged pore formation in some fusion events, which led to the separation of full fusion into subcategories of ring fusion and dot fusion. These enlarged pores resembled similar structures observed under stimulated emission depletion (STED) microscopy (Shin et al., 2018). However, because of the intense phototoxicity and photobleaching associated with STED, long time-lapse live-cell imaging of hundreds of fusion events for statistical analysis was not possible previously. These enlarged pores are different in size from pores several nanometers in diameter detected either by electrochemical or electrophysiological methods (Alvarez de Toledo et al., 1993; MacDonald et al., 2006) and thus may not function to prioritize the release of small over large cargoes. However, these greater than ∼100 nm pores are similar to those in images captured with a rapid-freezing electron microscope more than 30 years ago (Ornberg and Reese, 1981). Hessian SIM enabled hundreds of events to be recognized in live INS-1 cells, thus further validating the general relevance of this phenomenon. Moreover, millisecond temporal resolution enabled intricate dynamics that last only ∼30 ms to be resolved, such as the initial abrupt increase in pHluorin intensity resembling vesicular H+ efflux via opened pores and the slow increase in pHluorin intensity resembling movement of the fusing vesicle toward the plasma membrane, which could not be separated by super-resolution microscopy, even when operating at the video frame rate. Having characterized these four intermediates, we were able to show that hyperglycemia inhibited the initial opening, delayed vesicle collapse, reduced enlarged pore sizes, and prolonged the pore duration (Figure 3). These data suggest possible delayed and reduced insulin release even in full fusion events, which represents the final layer of glucotoxic effects.

Chronic incubation of INS-1 cells or beta cells in high glucose for 72 h, 96 h, and 5-days’ have been tested previously (Unger and Grundy, 1985; Ostenson and Efendic, 2007; Bensellam et al., 2012). In our case, we employed a high-glucose incubation period of 120 h (5 days) to simulate similar clinical hyperglycemia conditions. Indeed, decreased expression of exocytotic SNARE proteins in pancreatic islets is a postulated mechanism behind impaired insulin release, demonstrated by significantly reduced mRNA and protein levels in both rodent models of type 2 diabetes (Nagamatsu et al., 1999; Gaisano et al., 2002; Zhang et al., 2002) and islets of type 2 diabetic patients (Ostenson and Efendic, 2007). We also showed that long-term hyperglycemia led to reduced SNAP-25 and syntaxin-1A expression (Figure 4A and Supplementary Figure 4), which may constitute the major factor for reshaping vesicle fusion dynamics. Interestingly, we found different effects when reducing endogenous syntaxin-1A compared to SNAP-25. Interfering with either syntaxin-1A or SNAP-25 slowed the initial pore opening and inhibited vesicle collapse to the plasma membrane (Figure 4E) while reducing only SNAP-25 prolonged the formation of enlarged pores (Figure 4F). Thus, different components of the SNARE complex may have different regulatory effects on the opening-to-expansion process of the fusion pores. Another possible explanation is that BoNT/C α51 depletes syntaxin-1A predominantly but may not affect syntaxin-3 and syntaxin-4, which mediate newcomer granule fusion (Zhu et al., 2013; Xie et al., 2015). These remaining syntaxins may be able to assist the expansion of the fusion pore.

We also noticed that the kiss-and-stay granules were not significantly affected by reducing SNARE protein levels (Figure 2J). Because the proportion of kiss-and-stay fusion to total fusion is around 5%, it may use only a small portion of all SNARE complexes in the INS-1 cell. Thus, decreased number of SNARE complex may have mild effects on this kind of fusion event.

Besides, from the perspective of fusion kinetics, we found that the initial pore opening (t1) and pore formation time (t3) in dot fusion are much faster than that in the large fusion pore ring structure (Figures 1I,K). This may indicate that the dot fusion may require fewer SNARE proteins and is more likely to be initiated than ring fusion. In contrast, large vesicles may require more SNARE complexes to maintain the pore opening and subsequent fusion (Weber et al., 1998; Shi et al., 2012; Bao et al., 2018).

In addition to the core SNARE proteins, many other accessory proteins interact with the SNARE complex (e.g., NSF/SNAPs, Rab family members, Sec1/Munc18, synaptotagmin, Munc13, and complexin) during the fusion process to jointly regulate the secretion process. For example, Munc18 is often considered to be the protein most closely related to the assembly of SNARE proteins (Rizo and Südhof, 2002), while synaptotagmin acts as a Ca2+ sensor for regulated secretion (Sudhof, 2004). Further work is needed to clarify the function of these proteins in fusion pore regulation.

Although this study was carried out in INS-1 cells, the glucotoxicity model may simulate the hyperglycemic environment in primary beta cells to some extent. Furthermore, the functions of the involved proteins are conserved in primary beta cells. Thus, the mechanisms found here may be extrapolated to defective insulin secretion in diabetes.



RESEARCH DESIGN AND METHODS


Plasmid Expression

To study the fusion pore dynamics, INS-1 cells were transfected with VAMP2-pHluorin using Lipofectamine 2000 reagent (Thermo Fisher Scientific, 11668019) and plated onto polylysine-coated coverslips. The experiments were conducted after 16–24 h of culturing in an incubator at 37°C. For the knockdown and rescue experiments, cells were transfected with BoNT/C α51, BoNT/E, syntaxin1A-EGFP, and SNAP-25-EGFP.



INS-1 Cell Culture and Preparation

The rat insulinoma β-cell line INS-1 was cultured as previously described (Zhou and Misler, 1996). The cells were maintained at 37°C in a humidified incubator supplemented with 5% CO2 and were subcultured twice per week. The cells were maintained in RPMI 1640 medium containing 11 mM D-glucose supplemented with 10% FBS (fetal bovine serum), 100 mg/ml penicillin-streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, 2 mM L-glutamine, and 50 μM beta-mercaptoethanol (Invitrogen, Saint Aubin, France).

All experiments were performed at 37°C. INS-1 cells were plated on glass coverslips and incubated with bath solution containing the following (in mM): 136 NaCl, 4.2 KCl, 2.4 CaCl2, 1.2 KH2PO4, 1.2 MgSO4, 5 glucose, 10 HEPES, and 1 L-glutamine (pH 7.4). Individual coverslips were then placed in a metal chamber mounted on a heated stage. The INS-1 cells were stimulated with a solution containing the following (in mM): 70 NaCl, 70 KCl, 2.4 CaCl2, 1.2 KH2PO4, 1.2 MgSO4, 20 glucose, 10 HEPES, and 1 L-glutamine (pH 7.4) to trigger insulin granule exocytosis under the TIRF-SIM microscope.

Glucotoxicity conditions were obtained by exposing INS-1 cells to 20 mM and 30 mM glucose (high glucose) for 120 h. The control cells were INS-1 cells exposed to standard culture medium containing 11 mM glucose (Control) for 120 h. Each respective culture medium was changed after 48 h and replaced with the same culture medium until 120 h.



Antibodies

The following primary antibodies were used for immunofluorescence and western blot analysis: polyclonal guinea pig anti-insulin antibody (1:200, Dako, Carpentaria, CA, United States); mouse monoclonal anti-syntaxin-1A (1:1000, SySy); mouse monoclonal anti-SNAP-25 (1:1000, SySy); rabbit monoclonal anti-VAMP2 (1:1000, Abcam); rabbit monoclonal anti-tubulin (1:1000, Abcam). The secondary antibody was DyLight 488 goat anti-guinea pig IgG (1:500, Thermo); IRDye 800CW goat anti-rabbit IgG (1:1000, LI-COR Biosciences); and IRDye 680CW goat anti-mouse IgG (1:1000, LI-COR Biosciences).



ELISA Detection of Insulin Secretion

INS-1 cells cultured in control or high glucose conditions were washed with 1 ml of KRBB buffer (125 mM NaCl, 5.9 mM KCl, 2.56 mM CaCl2, 1.2 mM MgCl2, 1 mM L-glutamine, 25 mM HEPES, and 1 g/L BSA) containing 5 mM glucose, preincubated for 1 h at 37°C and then transferred to KRBB containing 16.7 mM glucose for 20 min at 37°C. The incubation solution was then collected, cell lysates were prepared by incubating for 30 min in RIPA buffer at 4°C, and the insulin levels were quantified using a rat/mouse insulin ELISA kit according to the manufacturer’s instructions (EZRMI-13K, Millipore). Insulin secretion was normalized to the total insulin content determined from the cell lysates, and the values shown in Supplementary Figure 1 were detected by normalizing 4 × 105 cells.



RNA Extraction and Real-Time Quantitative RT-PCR

Total RNA was extracted from INS-1 cells using the RNeasy Mini Kit (74104, QIAGEN). First-strand complementary DNA was synthesized from total RNA using TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (AT311-03, TransGenBiotech). Real-time PCR was performed on an Eppendorf RealPlex2 system using TransStart Top Green qPCR SuperMix (AQ131-03, TransGenBiotech). The qPCR primers used to detect VAMP2, syntaxin-1A, and SNAP-25 expression were VAMP2-F (5′-GGGAGTCTGGACTTTTGGGG-3′), VAMP2-R (5′-GAAACGGGGTAAGGGAAG-3′), syntaxin-1A-F (5′-CATGGACTCCAGCATCTCGAA-3′), syntaxin-1A-R (5′-TCCATGAACATGTCGTGCAGC-3′), SNAP-25-F (5′-TCGGGAACCTCCGTCAC-3′), and SNAP-25-R (5′-AATTCTGGTTTTGTTGGAATCAG-3′). RNA transcript levels were quantified using the 2–ΔΔCt method.



Immunofluorescence

For immunofluorescence labeling, cell samples were fixed with 4% paraformaldehyde in PBS for 15 min, followed by permeabilization in PBS containing 0.5% Triton X-100 (MERCK, Billerica, MA, United States) for 10 min and blocking in PBS containing 5% bovine serum for 60 min. The samples were incubated for 60 min in PBS containing primary antibodies and 2.5% bovine serum and then exposed to fluorescent dye-conjugated secondary antibodies for 60 min at 37°C. The cell samples were scanned with an Olympus IX81 (Olympus, Tokyo, Japan).

Insulin granules of INS-1 cells were labeled with anti-insulin antibodies. Besides, we performed the Z-series analysis of the whole-cell and calculated the averaged insulin vesicle number by normalizing per cell size. The insulin granule density in Supplementary Figure 2 was defined as the number of insulin puncta per cell volume (number/μm3). All the Immunofluorescence images were shown as maximum intensity projection throughout the cell and were determined by ImageJ (National Institutes of Health1).



Western Blot Assay

The cell samples were washed with PBS and homogenized on ice with lysate buffer [150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris, pH 8.0, 1 mM PMSF, and 2% proteinase inhibitor (539134, Calbiochem)]. The homogenates were centrifuged at 16,000 g for 15 min at 4°C, and the centrifuged supernatant was adjusted to same total protein concentration following protein quantification by a standard BCA method. Proteins were electrophoresed and transferred to nitrocellulose filter membranes. Each membrane was blocked by incubation for 1 h with PBS containing 0.1% Tween-20 (v/v) and 5% non-fat dried milk (w/v). After washing with 0.1% Tween-20 containing PBS (PBST), the blots were incubated with primary antibodies at 4°C overnight in PBST containing 2% bovine serum albumin (BSA). Secondary antibodies were then applied at room temperature for 1 h. Blots were scanned with an Odyssey infrared imaging system (LI-COR Biosciences) and quantified with ImageJ. At least three independent western blots were conducted, and one typical blot is presented.



Fluorescence Imaging

All confocal microscope images in Supplementary Figure 2 were generated using an inverted fluorescence microscope (Olympus, IX81) and a Laser Scanning Confocal system (Yokogawa, CSU-X1) with a 100×, 1.30 numerical aperture (NA) oil objective lens. The confocal settings used for image capture were held constant when samples were being compared. Images were quantified and analyzed using ImageJ software (National Institutes of Health).

TIRF-SIM imaging. The imaging system has been schematically illustrated (Huang et al., 2018). Briefly, it was based on a commercially available inverted fluorescence microscope (IX83, Olympus) equipped with a TIRF objective (Apo N 100×/1.7 HI Oil, Olympus), and images were captured by a sCMOS camera (Flash 4.0 V2, Hamamatsu, Japan). For TIRF-SIM, nine raw images are required to reconstruct one super-resolved image. Reaching a frame rate of 873 Hz, the temporal resolution for the non-overlapping reconstruction of SR images was 97 Hz. Because the three images in one orientation were independent of the images in the other two orientations, we proposed the reconstruction of time-lapse SIM images using overlapping raw image sequences (“rolling”) (Huang et al., 2018). By implementing this algorithm, we further increased the temporal resolvability to 291 Hz. All the images were obtained at a frame rate of 291 Hz except for Figure 2A and Supplementary Figure 2.

A 488-nm laser was used to excite GFP/pHluorin. To visualize VAMP2-pHluorin-labeled granule numbers (Figure 2A), the TIRF illumination was adjusted to 2D-SIM. Each pixel from the camera was 32.5 nm × 32.5 nm. The release probability in Figure 2E was defined to describe the chances of vesicles to fuse to the plasma membrane, which can be calculated as (number of fusion events) / (granule number per cell).



Data Analysis and Statistics

Image processing was primarily performed using ImageJ software. The reconstruction of the images acquired by TIRF-SIM or 2D-SIM was accomplished using customized MATLAB software (2016a). The data analysis and curve fitting were performed using Igor Pro software (6.11, WaveMetrics, Lake Oswego, OR, United States) and GraphPad 7.0 software. To analyze different stages of vesicle fusion, we determined the time interval between the initiation of the fast rise in fluorescence intensity (the intersection of the stable linear fit at the bottom and the fitted fast rise) to the initiation of slow rise (the intersection of the fitted fast rise slope and the fitted slow rise) as the t1; the time interval between the initiation of the slow rise in fluorescence intensity to the time point of the initiation of stable fluorescence (the intersection of the fitted slow rise and the stable linear fit at the top) as the t2; the time interval between the initiation of stable fluorescence to the time point of the initiation of fluorescence decay (the intersection of the stable linear fit at the top and the fitted exponential decay) as the t3.

The results are presented as the mean ± SEM. Statistical significance was evaluated using Student’s t-test for single Gaussian-distributed datasets or the Mann–Whitney rank sum test for non-single Gaussian-distributed datasets. The asterisks ∗, ∗∗, and ∗∗∗ denote statistical significance at p < 0.05, p < 0.01, and p < 0.001, respectively.
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Supplementary Figure 1 | Reduced glucose-stimulated insulin secretion in INS-1 cells cultured under hyperglycemic conditions. Insulin secretion of INS-1 cells under control (11 mM) and high glucose culture medium (20 and 30 mM glucose) (n = 4 repeats per condition). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Supplementary Figure 2 | Hyperglycemia leads to the decreased insulin granule density in INS-1 cells. Immunofluorescence analysis of vesicles content (labeled with insulin antibody), showing (A) subcellular distribution and (B) granule density under normal glucose (11 mM, n = 20 cells) and supraphysiological glucose (20 mM: n = 25 cells; 30 mM: n = 18 cells). Scale bar: 5 μm. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Supplementary Figure 3 | Unaltered vesicle diameters after long-term exposure to high glucose culture conditions. (A–C) We applied 2 min of 50 mM NH4Cl incubation to neutralize the acidic pH within the vesicles and then estimated the diameters of VAMP2-pHluorin vesicles in INS-1 cells cultured in control and high glucose conditions. (A) Control, 11 mM glucose; (B) 20 mM glucose; (C) 30 mM glucose (n = 120 vesicles per condition). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Supplementary Figure 4 | Hyperglycemia decreases the expression of core SNARE complex in INS-1 cells. Quantification of mRNA expression (A) and protein expression of SNARE complex proteins (B) in INS-1cells. Values were normalized to intensities of control (11 mM glucose). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Supplementary Figure 5 | Decreased SNARE proteins altered the fusion kinetics of dot fusion and kiss-and-stay events. (A,B) Dot fusion intermediates upon KD of syntaxin-1A (A), SNAP-25 (B), (Control: n = 40 fusion events from 8 cells; Stx-1A KD: n = 25 fusion events from 10 cells; SNAP-25 KD: n = 30 fusion events from 10 cells) and SNARE proteins KD+ Rescue (Stx-1A: n = 45 fusion events from 7 cells; SNAP-25: n = 30 fusion events from 6 cells). (C) Dynamics of kiss-and-stay events in INS-1 cells with KD of syntaxin-1A, SNAP-25 (Control: n = 10 fusion events from 5 cells; Stx-1A KD: n = 15 fusion events from 4 cells; SNAP-25 KD: n = 14 fusion events from 5 cells) and SNARE proteins KD+ Rescue (Stx-1A: n = 18 fusion events from 5 cells; SNAP-25: n = 15 fusion events from 4 cells). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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G protein-coupled receptors (GPCRs) represent one of the largest membrane protein families that participate in various physiological and pathological activities. Accumulating structural evidences have revealed how GPCR activation induces conformational changes to accommodate the downstream G protein or β-arrestin. Multiple GPCR functional assays have been developed based on Förster resonance energy transfer (FRET) and bioluminescence resonance energy transfer (BRET) sensors to monitor the conformational changes in GPCRs, GPCR/G proteins, or GPCR/β-arrestin, especially over the past two decades. Here, we will summarize how these sensors have been optimized to increase the sensitivity and compatibility for application in different GPCR classes using various labeling strategies, meanwhile provide multiple solutions in functional assays for high-throughput drug screening.
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INTRODUCTION

G protein-coupled receptors (GPCRs) represent one of the largest membrane receptor superfamily, which is encoded by approximately 3% of human genes and over 800 members (Klabunde and Hessler, 2002; Fredriksson et al., 2003; Pin et al., 2019). They are widely expressed in all cells and organs from brain tissue to blood vessels, and are responsible for sensing a variety of external stimuli, ranging from light and temperature to neurotransmitters, peptides, and lipids (Lagerstrom and Schioth, 2008). GPCRs are involved in diverse physiological activities and play critical roles in pathogenesis, making them important drug targets (Sriram and Insel, 2018).

Members of the GPCR superfamily share a common seven-transmembrane (7TM) topology, and are classified into classes A, B, C, and F according to sequence similarity (Fredriksson et al., 2003; Fredriksson and Schioth, 2005). Generally, class A GPCRs possess a short extracellular domain (ECD), while class C GPCRs have a large ECD called Venus Flytrap domain (VFT). Ligand binding induces conformational changes from the extracellular ligand-binding site to the intracellular side of the receptor. The outward movement of the cytoplasmic end of transmembrane domain (TM) 6 in class A GPCRs opens up an intracellular cavity to accommodate the Gα subunit and activate G protein; in class B GPCRs, TM6 shows a disruption of the helical fold and the formation of a sharp kink to bind Gα subunits (Hilger et al., 2020). In contrast to Class A and B GPCRs, which are reported to function as monomers, class C GPCRs are reported as obligatory dimers (Kniazeff et al., 2011). Ligand binding to class C GPCR leads to the closure of VFT, triggering the conformational change in the cysteine-rich domain or stalk domain, further rearranging the TMs from inactive interface to TM6/TM6 active interface, which is similar in class C GPCR homodimers such as metabotropic glutamate receptor type 2 (mGlu2) (Xue et al., 2015), mGlu5 (Koehl et al., 2019), and calcium sensing receptor (CaSR) (Liu et al., 2020), or heterodimer, like metabotropic γ-aminobutyric acid receptors (GABAB receptor) (Xue et al., 2019; Mao et al., 2020; Papasergi-Scott et al., 2020; Park et al., 2020; Shaye et al., 2020). Hence, monitoring the conformational changes of GPCRs provide a structural basis to evaluate GPCR activation.

The classical functional assays used to measure the activity of GPCRs are mainly based on downstream messengers, such as Ca2+ release, 1, 4, 5-inositol phosphate (IP3)/IP1 accumulation, cyclic adenosine monophosphate (cAMP) production, or reporter gene expression (Thomsen et al., 2005). Most of them have been successfully developed into high-throughput screening (HTS) and robust assays, and widely applied in the pharmaceutical industry and academic research (Figure 1A). Furthermore, with the discovery of G protein-independent β-arrestin signaling, functional assays have been developed by detecting β-arrestin recruitment to GPCRs or β-arrestin-induced GPCR internalization (Zhang and Xie, 2012; Figure 1B), while the first GPCR biased drug have been approved by FAD recently (Mullard, 2020). In addition to these classical assays, multiple functional assays based on resonance energy transfer (RET), which is a technology to detect the protein-protein interaction, have been developed in recent years for directly monitoring conformational changes in GPCRs, G proteins, and β-arrestins (Figure 1C). Using these sensors, the GPCR signaling profiles and GPCR activation process have been investigated at multiple scales.
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FIGURE 1. GPCR functional assays. (A) Classical GPCR functional assays based on the measurement of GTPγS, and Ca2+, IP1, IP3, cAMP, and reporter gene. (B) Biased GPCR functional assays. Assays were used to identify the biased signals between G proteins and β-arrestins, through detecting β-arrestin recruitment and GPCR internalization. (C) Multiple GPCR pharmacology profiling. GPCR sensors based on the conformational changes of different G protein subtypes, β-arrestins, and GPCRs.


RET sensors have been well-reviewed to illustrate GPCR activation and signaling previously (Lohse et al., 2012; Kauk and Hoffmann, 2018; El et al., 2019; Haider et al., 2019; Quast and Margeat, 2019). In this review, we have summarized the FRET and BRET sensors, which contributed to G protein and β-arrestin signaling, intra-GPCR rearrangement, and inter-GPCR movement investigations, especially in recent years. Meanwhile, we will focus on how these sensors are optimized to better investigate GPCR signaling and adapted to HTS in functional assays, as well as what new mechanism have been identified based on these sensors.



THE PRINCIPLES OF RET

RET is a photo physical process, in which the energy of a fluorescent donor is transferred to a suitable fluorescent energy acceptor (Förster, 1948; Figure 2). The efficiency of RET depends on three parameters: (1) the emission spectrum of the donor overlaps with the excitation spectrum of the acceptor; (2) the distance between the fluorophores is within 100 Å; (3) the relative orientation of their dipole moments toward each other (the parallel dipole orientation gets highest RET) (Stryer, 1978). According to the fluorescent labels, RET sensors can be normally classified into FRET and BRET. The excitation of FRET donor fluorophores needs an extra excitation laser, while BRET is based on the use of light-emitting enzymes-luciferase and other different variations. RET is a good approach to measure the GPCR activation and signaling in a living system (Cottet et al., 2012; Lohse et al., 2012; Kauk and Hoffmann, 2018).
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FIGURE 2. RET principle. (A,B) FRET and BRET detect energy transfer between two proteins within 100 Å, while one fluorophore is excited by laser as energy donor in FRET (A) and enzymes (luciferase) reacting with substrate (coelenterazine) to emit light as the energy donor in BRET (B). The energy acceptor is another fluorophore in both FRET and BRET.




GPCR/G PROTEIN SIGNALING FUNCTIONAL ASSAYS


Sensors for GPCR/G Protein Interaction

G protein heterotrimer activity is initiated by exchange of GDP with GTP, when ligand binding to GPCR triggers the G protein coupling to the receptor (Neubig, 1994). Though some RET-based sensors have used to detect the dynamic interaction of G proteins to GPCRs upon stimulation (Table 1; Azpiazu and Gautam, 2004; Gales et al., 2005; Hein et al., 2005; Nobles et al., 2005; Philip et al., 2007; Audet et al., 2008), agonist-induced G protein recruitment represents high diversity and specificity among different G protein subtypes and GPCRs (Du et al., 2019) and dynamic GPCRs and G proteins interactions cannot always easily be detected. MiniG proteins are used to improve the stability of the GPCR-G protein complex (Nehme et al., 2017). They are modified by deleting membrane anchor domains and the Gβγ binding surface in wild-type Gα proteins, and mutated in many positions to increase GPCR/G protein complex stabilization (Nehme et al., 2017; Wan et al., 2018). MiniG BRET sensors used energy pair of Renilla luciferase (Rluc) and Venus fused in GPCR and miniG protein, respectively (Figure 3A), which can effectively recognize different families of GPCRs, even class F GPCRs (Wright et al., 2019). MiniG BRET sensors can be used to investigate the dynamic interactions of GPCRs with almost all G protein families, including Gαi/o, Gαs, Gα12/13, and Gαq/11 (Wan et al., 2018). And then, the miniGq sensor is successfully applied in HTS compare of 5-HT2A serotonin receptor hallucinogen agonists (Kim et al., 2020). Further optimization of miniG BRET sensors by replacing the BRET donor Rluc with NanoLuc (Nluc), which has stronger brightness and smaller size (Hall et al., 2012), or replacing the BRET donor and acceptor with NanoLuc Binary Technology (NanoBiT) pairs, which is based on the Nluc complementation system consisting of LgBiT (18 kDa) and SmBiT (1.3 kDa) proteins (Dixon et al., 2016), can further increase the sensitivity. The optimized miniG sensors can be used to detect GPCR activation in intracellular compartments, such as the Golgi apparatus (Wan et al., 2018).


TABLE 1. The typical sensors for GPCR and modulators.
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FIGURE 3. RET-sensors for GPCR/G protein interaction. (A) MiniG protein BRET sensor. MiniG protein was introduced into BRET sensors for G protein recruitment detection. (B) G protein heterotrimer-based sensor. Luciferase and YFP-tagged Gα-Gβγ constitute the G protein intermolecular BRET sensor for detecting the rearrangements of G protein heterotrimers (upper). G protein heterotrimer NanoBiT sensor based on Nluc complementation system was applied to monitor G protein heterotrimer rearrangements (lower). (C) Gβγ-GRK BRET sensor. The BRET signal was produced between the Gβγ and GRK after GPCR activation. (D) Unimolecular BRET sensor, BERKY biosensor (BRET biosensor with ER/K linker and YFP). After G protein activation, the detector module YFP-KB-1753 binds to active G-protein Gαi-GTP on membranes, and the BRET signal produced between N-terminus Nluc and YFP.




Sensors for G Protein Heterotrimer

As G protein can pre-associate to some GPCRs in the absence of ligand (Gales et al., 2005; Nobles et al., 2005; Philip et al., 2007; Audet et al., 2008), detecting G protein heterotrimer activity provides a more general way to evaluate GPCR activation. Measuring the proximity change between Gα and Gβγ subunits through BRET assay (Figure 3B), can reflect the G protein heterotrimer states and activation of GPCRs (Galés et al., 2006). Three flexible regions in Gαi around amino acid numbers 91, 122, and 60 were reported to be accessible for BRET sensors insertion, according to Gα subunit structure. Interestingly, the BRET ratio between Gαi1-91Rluc or Gαi1-122Rluc and green fluorescent protein (GFP) 10-Gγ decreased significantly, whereas Gαi1-60Rluc and GFP10-Gγ exhibited an increase of BRET ratio during α2A AR activation (Galés et al., 2006). This indicates that small rearrangements have occurred in the Gαβγ heterotrimer, which can be detected using BRET assay. Rluc can be replaced by Rluc8 and other enhanced luciferases (Rluc II) to increased brightness and quantum yield in BRET (Loening et al., 2006; Sauliere et al., 2012). Based on optimized BRET sensors, activation of different G protein subtypes can be measured, such as Gαi, Gαo, Gαs, Gαq, Gα12, and Gα13. GPCR ligand such as S II, which was previous known as β-arrestin-biased agonist of angiotensin II receptor type 1A (AT1R) using classical functional assays, is considered as partial agonist, as it can induce ∼20% BRET ratio change in Gi/o, Gq, and G13 compared with the full agonist Ang II (Sauliere et al., 2012). It indicated the advantage and the necessity to combine BRET sensor in GPCR functional assays and proved the HTS application of BRET sensors in G protein signaling.

The G protein BRET sensors can be useful tools to evaluate the activity of individual G protein subtypes and many sensors have been reported as summarized in Table 1. However, not all the subtypes can be detected with good sensitivity. The new BRET Gαβγ biosensors TRUPATH have systematically optimized the insertion positions of the donor in Gα and the best combination of Gβ and Gγ subtypes. 14 optimized sensors have been developed, including the first Gα15 and GαGustducin sensors (Olsen et al., 2020). TRUPATH biosensors extremely increase the sensitivity of G protein BRET functional assays, contributing to the development of a powerful platform to investigate most G proteins activation in an array of GPCRs agonists, antagonists, inverse agonists and biased ligands. Meanwhile, NanoBiT system has been used to modify the G protein sensors (Figure 3B). The advantages of the smaller size and strong signal can avoid possible steric hindrance induced by large proteins such as Rluc, GFP or Venus, and enable the stable detection in hours (Dixon et al., 2016; Inoue et al., 2019).

To further compare the activation efficacy between different G protein subtypes, Gβγ-GRK NanoBRET sensor has been developed based on the Gβγ subunit and lipid-modified reporter peptide GRK3ct (masGRK3ct) (Hollins et al., 2009; Masuho et al., 2015; Figure 3C). The NanoBRET strategy was achieved by fusing Nluc to the GRK3ct and Venus to Gβγ (Masuho et al., 2015). It can determine both the kinetics and extent of G protein activation to independently analyze the catalytic activities of GPCRs and their signaling efficacy toward various targeted Gα protein subtypes (Masuho et al., 2015; Hauser et al., 2018).

Up to now, tools that are suitable for primary cells or native tissues of endogenous GPCRs remain limited. Very recently, Maziarz et al. (2020) developed a type of BRET biosensor with ER/K linker and YFP, called BERKY biosensor to capture the GTP form of the Gα protein (Figure 3D). The membrane-anchoring sequence-fused Nluc was used as the BRET donor, and the YFP-fused synthetic peptide KB-1753 served as the acceptor (Johnston et al., 2006). This unimolecular biosensor can specifically and sensitively bind to Gαi-GTP, and causes an increased BRET signal. It allows endogenous Gα-GTP and free Gβγ to be detected in primary living cells, and record the activation of G proteins in native, physiological environments. BERKY biosensors have been developed for endogenous Gαq-GTP, Gα13-GTP, free Gβγ, and Rho-GTP in cells via a similar strategy (Maziarz et al., 2020).



GPCR/β-ARRESTIN SIGNALING FUNCTIONAL ASSAYS

β-arrestins are considered to be prominent mediators of GPCR internalization, facilitating GPCR desensitization and the negative regulating G proteins (Lefkowitz, 1998). β-arrestins also act as key modulators of GPCRs to initiate G protein-independent signaling pathways (Lefkowitz and Shenoy, 2005). Based on the interaction with β-arrestins, GPCRs can be classified into class A and B. Class A GPCRs interact with β-arrestins rapidly and transiently, whereas class B GPCRs stably associate with β-arrestins with a higher affinity (Oakley et al., 2000; Hasbi et al., 2004). β-arrestins can adopt different conformational changes while interacting with phosphorylated GPCRs (Shukla et al., 2008). The dynamic of β-arrestin conformational rearrangement can be longer than GPCR/β-arrestins interaction (Nuber et al., 2016). Accordingly, there are two main types of biosensors for studying the kinetics of GPCR/β-arrestin signal based on BRET and FRET: intermolecular sensors used for monitoring GPCR/β-arrestin dynamic interactions and intramolecular sensors used for measuring β-arrestin conformational rearrangement (Table 1; Bertrand et al., 2002; Charest and Bouvier, 2003; Krasel et al., 2005).


Sensors for GPCR/β-Arrestin Interaction

BRET sensors detecting recruitment of β-arrestins to active GPCRs in living cells was firstly reported by Angers et al. (2000). They used Rluc and GFP as BRET donor and acceptor, which were fused to the C terminus of β2 Adrenergic receptor (β2AR) and β-arrestin2, respectively (Figure 4A). The results showed a large increase in BRET ratio following β2AR stimulation, and represented an agonist concentration-dependent manner. Subsequently, many similar studies investigated the recruitment of β-arrestins to GPCRs (Table 1). Furthermore, this kind of BRET sensors were successfully applied in HTS for GPCRs antagonists, which show compatibility and sensitivity as a functional assay (Hamdan et al., 2005).
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FIGURE 4. RET-sensors for GPCR/β-arrestin interaction and intramolecular β-arrestin conformational change. (A) Schematic representation of the BRET sensor for β-arrestin recruitment to GPCRs. Luciferase and YFP were introduced between β-arrestin and GPCRs, the BRET signal increased after GPCR activation. (B) β-arrestin recruitment FRET sensor. Different fluorophore pairs are introduced into FRET assay to better monitor β-arrestins dynamic recruitment to receptors in living cells. Donor-acceptor: FlAsH-ReAsH CFP-YFP CFP-GFP. (C) β-arrestin intramolecular sensor. The FRET-based and BRET-based intramolecular sensors are introduced in living cells to detect β-arrestins conformational changes, and multiple fluorophore pairs are applied. Donor-acceptor: CFP-FlAsH CFP-YFP CFP-GFP Rluc-YFP Rluc-GFP Rluc-Venus Nluc-Venus Nluc-YFP.


While the conventional BRET sensors use the non-natural combination of donor and acceptor from different species such as Rluc from Renilla reniformis and GFP from Aequorea Victoria to limit non-specific signals from random interaction, enhanced bystander BRET (EbBRET) sensor is composed with BRET energy pairs both from Renilla reniformis. It possesses moderate affinity, optimally transferred energy, and improved signal, which shows the advantage in investigation of compartmental and ligand-biased β-arrestin trafficking in the plasma membrane and endosomal membrane in real time (Molinari et al., 2008; Namkung et al., 2016). EbBRET sensors can work in real time image recording up to 20 min, greatly facilitating the studies of β-arrestin and GPCR trafficking at high spatial and temporal resolutions (Lan et al., 2012; Namkung et al., 2016; Cao et al., 2019).

Compared to BRET sensors, FRET sensors are more suitable for visualizing the kinetics of GPCRs and β-arrestins with high temporal resolution in cells (Lohse et al., 2012; Figure 4B). Using the FRET sensor, which consists of the CFP-labeled parathyroid hormone 1 receptor (PTH1R) and YFP-labeled β-arrestin2, has shown a time delay of β-arrestin2 recruitment to PTHR after receptor activation (Vilardaga et al., 2002, 2003). Through comparing the recruiting rate of β-arrestin2 to β2AR, repeated short-term stimulation promoted β2ARs phosphorylation and showed very rapid increase of FRET with t0.5 at 2.1 s, while the first stimulation caused fairly slow FRET change (t0.5 of 19.6 s), which indicate the GPCR phosphorylation is the rate-limiting step for β-arrestin recruitment (Krasel et al., 2005). Furthermore, β-arrestin subtypes: β-arrestin1 and β-arrestin2 can exist different recruitment manner to the same GPCR when stimulated with different ligand, such as P2Y2R (a Purine receptor subtype) agonist UTP induced both β-arrestin1 and β-arrestin2 interacted with P2Y2R, whereas ATP caused stronger interaction of β-arrestin1 than β-arrestin2 with P2Y2R (Hoffmann et al., 2008).

To reduce the size of FRET acceptor, a smaller fluorescent probe fluorescein arsenical hairpin binder (FlAsH) was introduced as FlAsH-FRET sensors (Figure 4B). A short peptide of 6 amino acids containing tetracysteine was inserted into the targeted protein, which can specifically bind to FlAsH dyes that produce FRET signal between proximate fluorophore pairs. The CFP/FlAsH FRET sensors showed almost five times the signal amplitude compared to the CFP/GFP FRET sensors (Hoffmann et al., 2005). And then, the double site-specific and orthogonal labeling FRET sensor such as FlAsH/ReAsH (a red arsenical hairpin binder) can also be introduced to investigate GPCR/β-arrestin dynamic interaction (Zurn et al., 2010).



β-Arrestin Intramolecular Sensors

β-arrestin conformational change occurs following recruitment to the receptor (Charest et al., 2005; Nuber et al., 2016). β-arrestin intramolecular BRET biosensor is based on the proximity change between the N- and C-terminus of β-arrestin (Figure 4C). Intramolecular BRET sensors (Luc-β-arrestin-YFP) indicated that β-arrestin can adopt multiple active conformations with different ligands treatment (Shukla et al., 2008). It can be optimized by using Nluc and red-shifted fluorescent protein (CyOFP1) to increase brightness and wider spectral separation (Oishi et al., 2020). This sensor can monitor the early conformational changes of β-arrestin 2 in complex with GPCRs, with a wide panel of different class A and class B GPCRs upon agonist activation, and with orphan GPCRs known to spontaneously recruit β-arrestin2. After the R170E mutation was introduced, the sensor was able to detect the partial active state of β-arrestin2. It permits the monitoring of β-arrestin change in different stage during the GPCR activation (Oishi et al., 2020). Additionally, intramolecular FlAsH-BRET sensors using Rluc and FlAsH pair or intramolecular FlAsH-FRET sensors using CFP and FlAsH pair have also been developed (Figure 4C). They confirmed distinct conformational changes in β-arrestins induced by different ligands and GPCRs (Lee et al., 2016; Nuber et al., 2016; Strungs et al., 2019).



INTRAMOLECULAR CONFORMATIONAL GPCR SENSORS

Though GPCR intramolecular RET sensors have already been developed in 1995 in purified GPCRs (Gether et al., 1995), Vilardaga et al. firstly reported a FRET sensor to detect GPCR conformational changes in living cells, which inserts CFP at the ICL3 and YFP at the C-terminus (Figure 5A) in PTHR and α2A AR (Vilardaga et al., 2003, 2005). Using this sensor, the authors presented different FRET signals induced by full agonists (a strong decrease) and partial agonists (a weak decrease) or inverse agonists (a significant increase) of α2A AR, indicating the dynamic activation process and distinct receptor conformation rearrangements specific to different ligands. Then, many similar intramolecular conformational GPCR sensors have been developed, such as β1AR (Rochais et al., 2007), β2AR (Reiner et al., 2010), A2A-adenosine receptor (A2AR) (Hoffmann et al., 2005), and B2-Bradykinin receptor (B2R) (Chachisvilis et al., 2006) as shown in Table 2. FlAsH labeling provided an alternative choice to replace CFP or YFP (Figure 5A). The FlAsH labeling (∼1 kDa) can be induced into the ICL3 of GPCRs as the energy acceptor, while inserting CFP as donor at the C-terminus. This FlAsH-FRET sensor confirmed the similar fast kinetics of GPCR activation and also showed a fivefold improvement in signal-to-noise ratio (Hoffmann et al., 2005).
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FIGURE 5. GPCR intracellular conformational changes sensors. (A) GPCR intracellular conformational changes sensors based on FRET between fluorescent protein (left) or FRET between CFP and FlAsH dye (right). (B) GPCR intracellular conformational changes sensors based on BRET between Rluc II and FlAsH dye (left) or BRET between Nluc and fluorescent protein (right). (C) GPCR intracellular conformational changes BRET sensors based on conformation sensitive nanobody. Nb6-YFP only binds to GPCR in inactivated state, while Nb39-YFP only binds to GPCR in activated state.



TABLE 2. Multiple RET-sensors for detection of GPCR conformational changes.

[image: Table 2]Similar intramolecular BRET sensors of GPCRs were also used to monitor the conformational rearrangement promoted by diverse ligands (Sleno et al., 2016, 2017; Bourque et al., 2017; Devost et al., 2017). Intramolecular FlAsH-BRET sensors are modified the C-tail with Rluc II, and introduced FlAsH labeling in the ICL3 (Figure 5B). In the case of the F prostanoid receptor, AT1R, and β2AR, although three FlAsH-BRET sensors were constructed in a similar way, the BRET signals exhibited receptor-specific behavior, indicating that different GPCRs have unique conformational profile (Bourque et al., 2017). Furthermore, distinct patterns of conformational changes can be observed by biased ligand. Multiple positioned FlAsH-BRET sensors of AT1R showed rapid, sustained and robust BRET signals to allow the comparison of the full agonist and biased ligands stimulation (Devost et al., 2017). Moreover, intramolecular BRET sensors can be used to investigate the allosteric interactions between two receptors, such as the heterodimeric AT1R and prostaglandin F2α receptors (Sleno et al., 2017).

Alternatively, BRET assay with Nluc and YFP or GFP10 can be used to detect the GPCR conformational rearrangements (Figure 5B), which can be induced by various compounds or mutation in the receptor as well as the impact of interacting proteins (Picard et al., 2018). Schihada et al. (2018) screened the efficacy of different fluorescent proteins or dyes as acceptors, combined with Nluc as a BRET-based α2A AR biosensor, NanoBRET 618 (Nluc and Halo Tag dye pair) showed the highest amplitude upon agonist stimulation. It is a powerful approach to distinguish slight differences induced by partial agonist in the BRET signal instead of the full agonist effect identified by classical cAMP assay. These BRET sensors are also adaptable for micro-liter plate assays with HTS formats.

A novel assay for detecting conformational changes in GPCRs, based on nanobodies recognizing specific conformations, has been reported in recent years. Several conformation-specific nanobodies for GPCRs have been developed, including κ opioid receptor (KOR) (Che et al., 2018), μ opioid receptor (Huang et al., 2015), M2-muscarinic receptors (Kruse et al., 2013), β2AR (Rasmussen et al., 2011), AT1R (Szalai et al., 2012), and mGlu2 (Scholler et al., 2017b). For example, two conformation-sensitive nanobodies of KOR, Nb39 and Nb6, recognize the active and inactive states, respectively (Che et al., 2018). Combined with the BRET approach, it can be used to detect KOR activity. For the Nb6 sensor, a strong BRET ratio decreased upon KOR activation induced by agonist, in which Nb6 dissociated from activated receptors and recovered after the antagonist addition, while the Nb39 sensor had the opposite effect (Figure 5C). Moreover, the conservative binding of Nb6 in the region provides a compatible tool for ligand-induced active conformational changes of other class A GPCRs, when replace their ICL3 by KOR ICL3 (Che et al., 2020). Nanobody-based GPCR conformational sensors also have the advantage of investigating the transactivation induced by other receptors. For example, Nb80, an active β2AR sensitive nanobody, was used to analyze the effect of vascular endothelial growth factor receptor 2 on β2AR activation (Kilpatrick et al., 2019). Nanobody application reduced the modification in GPCRs. However, as there are only a few nanobodies available for GPCRs and the intellectual property protection, the application of nanobodies in GPCR functional assays remains limited.

Regarding to the application in native cells or animals in vivo model, genetically encoded sensors based on GPCR conformational changes have incorporated circularly permuted fluorescent protein (cpGFP) to optical visualize the neurotransmitter release in brain (Sun et al., 2018; Peng et al., 2020). The cpGFP is modified from original GFP, in which the amino and carboxyl portions have been interchanged and reconnected by a short spacer between the original terminus. It is more flexible and accessible than original protein, and the fluorescence intensity of cpGFP is related to its conformation (Baird et al., 1999). Thus, cpGFP offered a suitable strategy for conformation-sensitive sensors. As similar movements between TM5 and TM6 occurred during class A GPCRs activation (Weis and Kobilka, 2018; Hilger et al., 2020), fusing cpGFP at the ICL3 would allow significant fluorescence signal changes of cpGFP following GPCR activation upon ligand binding (Doi and Yanagawa, 1999; Sun et al., 2018). Mutation to abolish the G protein coupling in these sensors is required to not change the physiological GPCR function when expressed in the animals. The advantage of genetically encoded sensors is the rapid and high resolution in two-photon imaging systems for spatial neurotransmitters detecting in living animal (Sun et al., 2018; Peng et al., 2020). However, to obtain sensors with high sensitivity, large number of screening has been done for the cpEGFP insertion and linker residues (Sun et al., 2018). The experience in developing the sensor of one neurotransmitter is not always well adapted to another. Neuromodulator sensors are available for dopamine, serotonin, norepinephrine, acetylcholine, endocannabinoid, adenosine and gastrin-releasing peptide, but for glutamate and γ-aminobutyric acid remains difficult (Labouesse and Patriarchi, 2021).



INTERMOLECULAR CONFORMATIONAL GPCR DIMERIZATION SENSORS

Intermolecular FRET sensors are considered as good approaches for investigating the dimerization/oligomerization of GPCRs, especially in class C GPCRs (Milligan and Bouvier, 2005; Kniazeff et al., 2011). The classical CFP/YFP FRET sensor can detect the inter-subunit conformational change. When inserting the fluorescent protein in ICL2 of mGlu1 receptor, it showed an increased FRET signal indicating the relative movement of two mGlu1 subunits (Tateyama and Kubo, 2006). Subsequently, through measuring the FRET between two mGlu1 subunits in real-time; a fast increased inter-subunit FRET signal between protomers was detected within 10 ms after glutamate application (Marcaggi et al., 2009). However, difficulties remain in these classical CFP/YFP FRET sensor applications due to low sensitivity, photobleaching and limitations of inserting position.

Time-resolved FRET (TR-FRET) use long-fluorescence lifetime fluorophore, such as lanthanide cryptate instead of fluorescent protein. The fluorescence lifetimes of these molecules are very long, ranging from 100 to 1,000 μs, which leads the efficiency of FRET is not affected by the orientation of dipole moments between donor and acceptor, and becomes truly dependent on their distance (Mathis, 1995; Selvin, 2002). Taking a fixed delay time before acquiring the signal allows the removal of most of the fluorescent background provided by biological media and instrument, which largely improves the signal-to-noise ratio, compared with classical FRET sensors (Maurel et al., 2008; Scholler et al., 2017a). TR-FRET sensors can be adapted in multi-well plates format from 96 well to 384 well for drug HTS (Scholler et al., 2017a; Liu et al., 2020).

Antibodies labeled with long-lifetime lanthanide-based cryptate fluorophores were used in the first-generation TR-FRET sensors, which target small tags fused in GPCRs, such as HA, Flag, or c-Myc (Figure 6A). It was used to prove the protein interactions and indicate the interface (Kniazeff et al., 2004; Liu et al., 2004). However, it failed to monitor the dynamic changes between the GPCR subunits, might because of the large size of the antibodies.
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FIGURE 6. Intermolecular GPCR dimerization sensors. Fluorescent donors and acceptors were introduced using antibodies or tags allowing for the FRET measurement of GPCR dimerization and activation in membrane and living cells, even in the acutely isolated cells. (A) GPCR dimer TR-FRET sensor based on anti-HA/flag/c-Myc antibody. (B) Conformational changes in TR-FRET sensor of dimeric GPCR using different tags, including N-terminal labeling and the intra-subunit conformational TR-FRET sensor. (C) Conformational changes in TR-FRET sensor of GPCRs based on active conformation-binding nanobodies. (D) Ribbon model structures of the different tags used to label receptors: IgG (PDB ID: 1IGT), Halo tag (PDB ID: 5UY1), SNAP tag (PDB ID: 3KZZ), and ACP tag (PDB ID: 2MLB), UAA (4-Azido-L-phenylalanine, CAS No.: 33173-53-4). (E) Common TR-FRET compatible dyes. Lumi4-Tb was used as donor, and red or green dyes were used as acceptors.


The SNAP tag is two-thirds the size of GFP, derived from the O6-guanine nucleotide alkyltransferase that covalently reacts with benzyl-guanines (BG). The SNAP tag can be specifically and covalently labeled with any fluorophore carried by the BG benzyl group. By using non-permeant BG derivatives compatible with TR-FRET measurements, it allows to identify the dimer of GPCRs (Figure 6B). Using SNAP and CLIP labeling TR-FRET sensors, the mGluRs, which are considered strict homodimers, have been found to be heterodimers between different sub-groups (Doumazane et al., 2011). Meanwhile, SNAP labeling sensors can be used to identify oligomers, such as the GABAB receptor, which was previously considered to be heterodimers (Maurel et al., 2008; Comps-Agrar et al., 2011).

Furthermore, a N-terminal SNAP tag strategy combined with TR-FRET technology was developed to monitor the dynamic changes between two subunits in class C GPCR dimer. The mGlu receptors are dimeric entities with a large ECD, and during activation, a large conformational change results from the rotation of almost 70° of one ECD relative to the other (Huang et al., 2011). According to the available structures of mGlu receptor ECDs (Kunishima et al., 2000; Tsuchiya et al., 2002; Muto et al., 2007; Koehl et al., 2019), the distance between the N terminus varies from 2.8 nm in the inactive conformation to 3.3 nm in the active conformation. Consistently, in the TR-FRET measurement, inactive mGlu2 receptors were found to have a high FRET signal, while a low FRET signal was obtained in the active state (Figure 6B). The agonist-induced decrease in inter-subunit FRET efficiency was caused by a large change in the distance between the separated fluorophores (Doumazane et al., 2013). Such a movement is closely related to receptor activation, as agonist potencies presented by TR-FRET are perfectly correlated with those determined in cell-based functional assays (including IP1, cAMP, and Ca2+ release), indicating the efficiency and accuracy of the conformational change-sensitive TR-FRET sensor. The N-terminal SNAP strategy is feasible for most class C GPCRs, including all mGlu family members (mGlu1-8) and CaSR (Scholler et al., 2017a; Liu et al., 2020; Figure 6B). SNAP-tagged TR-FRET sensor of the mGlu5 receptor based on ECD conformation showed enhanced basal activation in the presence of D1R (Sebastianutto et al., 2020).

To increase the compatibility of SNAP-tagged TR-FRET sensor to different GPCRs, several modifications are required to obtain a large signal-to-noise ratio, including the insertion position, labeling strategies, and methods to quantify signals. For example, the N-terminal SNAP strategy does not work for the GABAB receptor because GABAB receptors do not undergo a strong conformational change similar to that of the mGlu receptors during activation (Geng et al., 2012; Lecat-Guillet et al., 2017). To detect the conformational change of this receptor, researchers kept the SNAP tag on the N-terminal of the GABAB1 subunit and introduced a short version of the acyl carrier protein (ACP)-tag (ACP17) within extracellular lobe 2 of the same subunit based on the knowledge of the activation of the GABAB receptor (Figure 6B). A high TR-FRET signal was largely decreased upon GABAB receptor activation and was suppressed by the competitive antagonist CGP54626 (Lecat-Guillet et al., 2017; Scholler et al., 2017a). Different sizes of tags, such as ACP (8 kDa) and ACP17 (2 kDa) (George et al., 2004; Yin et al., 2005) or the O6-alkylguanine-DNA alkyl transferase derivatives, SNAP (Keppler et al., 2003), CLIP (23 kDa) (Gautier et al., 2008), and Halo Tag (33 kDa) (Encell et al., 2012), combined with compatible fluorophore pairs build a toolbox for TR-FRET sensors optimization (Figures 6D,E). Another representative application of intra-subunit sensor is the luteinizing hormone (LH) receptor from the class A family, which has a large extracellular domain. After the addition of agonist, TR-FRET signals increased while the ACP17 and SNAP tags were constructed at the loop and N terminus, respectively, revealing an important conformational change within the extracellular domain of the LH receptor. The strategy of the extracellular intra-subunit sensor is feasible for these kinds of monomeric GPCRs, in which the extracellular domain undergoes a large conformational change during activation (Scholler et al., 2017a).

In addition to class C GPCR, some classes A and B GPCRs were found to form dimer or oligomer (Carrillo et al., 2003; Berthouze et al., 2005; Harding et al., 2009; Kasai et al., 2018). These heterodimers showed distinct functions and related to pathogenesis. For example, AT1R and B2R heteromerization was found to occur in human placental biopsies from pregnancies complicated by preeclampsia, and the aberrant heteromerization of AT1R-B2R was found to result in exaggerated calcium signaling and high vascular smooth muscle mechanosensitivity (Quitterer et al., 2019). TR-FRET sensors are also adaptable to other GPCR dimers, such as class A relaxin family peptide receptor 3 (RXFP3) and the LH receptor, class B PTHR, corticotropin-releasing factor receptor 1 (CRF1R), and pituitary-activating cAMP polypeptide (PACAP) receptor 1 (PAC1). The potency of a series of agonists obtained from measurements of the TR-FRET assay correlated with those obtained in functional assays (Scholler et al., 2017a). On the other side, BRET approaches using Rluc and YFP pair can be used to identify the formations of GPCR dimers (Ayoub and Pfleger, 2010; Johnstone and Pfleger, 2012; El et al., 2019). But few intermolecular BRET conformational change sensors have been reported. Though ligand-induced BRET changes have been presented in MT1/MT2 melatonin receptor heterodimers (Ayoub et al., 2002, 2004), conformational changes in other dimers such as F prostanoid receptor, were not robust enough for investigation (Sleno et al., 2016).

The unnatural amino acid (UAA) site-directed modification strategy is considered to be a potential way to build flexible RET sensors that minimize the labeling tag size into one residue. The UAA technology can be used to investigate the interaction sites between two proteins, such as β-arrestin binding to AT1R (Gagnon et al., 2019). Then, with an optimization in UAA incorporation strategy, it can measure FRET signal between two specific labeling sites of GPCR at the living cell level and the single-molecule level (Liauw et al., 2021). This UAA incorporation strategy in living cells provide a good protocol to apply UAA instead of other tags in GPCR sensors, which may have higher sensitivity to monitor more differential conformational change.



CONCLUSION AND PERSPECTIVES

In this review, we summarized four types of conformational sensors for GPCR signaling and activation based on FRET and BRET. These sensors have identified new mechanisms of GPCRs activation process and also lead to significant breakthroughs in high-throughput drug screening toolboxes. Generally, most FRET sensors show strong intensity and microscopy compatibility, which possess better spatial and temporal resolution for imaging purposes. The TR-FRET sensor can also be applied in HTS. BRET sensors have more sustainable signals, higher signal-to-noise ratios and HTS applications. These sensors have been optimized using various labeling strategies to increase the sensitivity and compatibility, from heterogeneous systems to endogenous conditions. Using these assays, GPCR signaling and activation have been investigated on a large scale and at multiple levels. However, the introduction of BRET and FRET sensors without breaking normal expression and function remains challenging. The UAA site-directed modification strategy for FRET sensors may be a promising approach (Liauw et al., 2021). BERKY biosensors for endogenous G proteins will be a good choice to investigate endogenous GPCR activation (Maziarz et al., 2020).

Meanwhile, although smaller and smaller tags can be preferred to minimize the extra influence, a few FRET sensors based on traditional antibodies (Liu et al., 2004; Comps-Agrar et al., 2011) or labeled small molecule ligands (Albizu et al., 2010) have shown advantages in the detection of GPCR in native samples. However, due to the excessive molecular weight of antibodies or insufficient specificity of some antibodies and small molecule ligands, it is difficult to detect GPCR complexes in native tissue. Nanobodies, which have a smaller size, higher affinity, and conformation specificity, may provide breakthroughs in native GPCR functional assays and signaling (Scholler et al., 2017b; Figure 6C). As the hetero-complexes of GPCRs have received increasing attention for their connection with diseases (Prinster et al., 2005; Gomes et al., 2016), nanobody-based assays will provide useful tools for investigating roles of GPCR heteromers in physiological and pathological processes in the future.
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SNARE-dependent membrane fusion is essential for neurotransmitter release at the synapse. Recently, α-synuclein has emerged as an important regulator for membrane fusion. Misfolded α-synuclein oligomers are potent fusion inhibitors. However, the function of normal α-synuclein has been elusive. Here, we use the single vesicle-to-supported bilayer fusion assay to dissect the role of α-synuclein in membrane fusion. The assay employs 10 kD Rhodamine B-dextran as the content probe that can detect fusion pores larger than ∼6 nm. We find that the SNARE complex alone is inefficient at dilating fusion pores. However, α-synuclein dramatically increases the probability as well as the duration of large pores. When the SNARE-interacting C-terminal region of α-synuclein was truncated, the mutant behaves the same as the wild-type. However, the double proline mutants compromising membrane-binding show significantly reduced effects on fusion pore expansion. Thus, our results suggest that α-synuclein stimulates fusion pore expansion specifically through its membrane binding.

Keywords: SNARE, single-molecule, fusion pore, α-synuclein, TIRF


INTRODUCTION

Communication between neurons, which underlies cognition, memory, and motor movement, is built upon neurotransmitter release at the synapse. In the neuron, cargo vesicles undergo membrane fusion with the plasma membrane, which releases the neurotransmitters into the synaptic cleft. It is established that the widely conserved SNARE (soluble N-ethylmaleimide sensitive factor attachment protein receptor) complex is the minimal machinery that drives membrane fusion (Sollner et al., 1993; Weber et al., 1998). SNARE motifs from vesicle-associated v-SNARE VAMP2 (or synaptobrevin 2) and those from target plasma membrane t-SNAREs, syntaxin-1A and SNAP-25, form a highly stable parallel coiled-coil (Poirier et al., 1998; Sutton et al., 1998). There is evidence that the SNARE complex zippers from the membrane distal region to the membrane-proximal region, culminating the folding energy toward apposition and merger of two membranes (Gao et al., 2012; Min et al., 2013; Shin et al., 2014).

The membrane fusion process transits through distinct multiple stages (Figure 1). Hemifusion, in which outer leaflets of two bilayers are merged but inner leaflets are not (Lu et al., 2005; Xu et al., 2005), is followed by formation of a small aqueous fusion pore through which neurotransmitters are allowed to pass (Breckenridge and Almers, 1987; Han et al., 2004). The small pore then dilates to a large pore that could ultimately lead to a complete merger of two membranes into a single bilayer (Chernomordik and Kozlov, 2003). Alternatively, after a brief release, the fusion pore may close and the vesicle might then disengage from the plasma membrane without complete fusion, termed kiss-and-run (Alabi and Tsien, 2013). It is unknown what protein factors control the bias between two pathways.
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FIGURE 1. Pathway of SNARE-mediated membrane fusion. The v-SNARE VAMP2 located on the incoming vesicle initiates binding to the t-SNAREs syntaxin-1A and SNAP-25 on the plasma membrane. The v-and t-SNAREs begin to zipper into a coiled-coil that docks the vesicle to the plasma membrane. Continued zippering drives the outer leaflets of the two membranes to merge into a hemifusion state. Complete zippering drives the merger of the inner leaflets of two bilayers, which creates a small fusion pore. The small pore expands to a large pore, resulting in complete merger of the vesicle to the plasma membrane. The box shows the transition to which our single vesicle fusion assay is designed to be sensitive.


α-synuclein (αS) is one of the most prevalent presynaptic proteins. But, when misfolded or aggregated, those aberrant forms are known to have close ties to the Parkinson’s disease and Lewy body dementia (Baba et al., 1998). Despite its abundance, its regular functions in the neuron have been elusive. Recently, there has been evidence that αS controls the size of the vesicle pool (Nemani et al., 2010), vesicle clustering (Diao et al., 2013), as well as vesicle docking to the plasma membrane (Lou et al., 2017). In addition, αS may stabilize SNARE complexes by interacting with VAMP2 (Sun et al., 2019).

Recently, Edwards and coworkers have proposed that αS plays a role in the dilation of the fusion pore, potentially biasing vesicle recycling toward the complete fusion pathway (Logan et al., 2017). They found that overexpressed αS promotes the release of the large cargo in chromaffin cells. However, it is unknown if αS also functions as a fusion pore dilator in the neuron and if it is the result of direct interaction with SNAREs or an indirect consequence of a multiprotein pathway.

On a molecular level, there are two well-known interactions for αS. The first is the interaction between its acidic C-terminal region and vesicle-attached VAMP2 (Burre et al., 2010). This specific interaction has been shown to be responsible for vesicle clustering (Diao et al., 2013), vesicle docking, as well as inhibition of vesicle fusion (Choi et al., 2013). The second is the membrane binding due to its affinity of the amphipathic N-terminal region toward negatively charged lipids (Jo et al., 2000). Despite extensive investigations, the physiological function of αS’s membrane binding is not fully understood (Snead and Eliezer, 2014).

In this work, we monitor the real-time dynamics of the fusion pore induced exclusively by SNARE proteins with the in vitro single vesicle-to-supported bilayer fusion assay (Liu et al., 2005; Kiessling et al., 2017; Kim and Shin, 2017; Kreutzberger et al., 2019). With this well-defined system, we intend to pinpoint the exact role that αS plays in the fusion pore dynamics. By encapsulating a fluorescent polymer probe of approximately 6 nm in diameter (Arrio-Dupont et al., 1996), we are able to observe the transient opening and contraction of the large fusion pore. We find that SNAREs alone are inefficient at generating a large fusion pore. When we include αS, however, we observe a dramatic increase in the number of vesicles that have the ability to open the large pore. In addition, we observe a significant increase of the duration of the large pore. Meanwhile, when the double proline mutants (A11P/V70P and T44P/A89P) of αS—which have reduced membrane binding—were used, the stimulating effects on fusion pore expansion were significantly diminished. In contrast, the truncation mutant in which VAMP2-interacting C-terminal region is deleted (αS 1-95), behaved the same as the wild-type.



RESULTS


Single Vesicle-to-Supported Bilayer Fusion Assay to Monitor a Large Fusion Pore

To probe the SNARE-induced large fusion pore, we monitor single vesicle-to-supported bilayer fusion utilizing total internal reflection fluorescence microscopy (TIRFM) (Figure 2A). The supported bilayer contains 5 mole% polyethylene glycol (PEG)-PE that creates a PEG-pillared aqueous gap between the bilayer and the quartz support through which a fluorescent reporter could diffuse. We use Rhodamine B conjugated to 10 kD dextran (RB-dextran) as the fluorescent reporter for the fusion pore. The rationale for using RB-dextran is two-fold. Firstly, the hydrodynamic diameter of the molecules is estimated to be ∼6 nm. Thus, unlike small fluorescent probes, its 2D diffusion within the aqueous gap is predicted to be sufficiently slow to be readily visible with TIRFM, which captures data with millisecond time resolutions. Secondly, RB-dextran is allowed to escape from the vesicle when the fusion pore opens larger than ∼6 nm in diameter, enabling the detection of a large fusion pore.
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FIGURE 2. Single vesicle-to-supported bilayer fusion assay to monitor a large fusion pore. (A) Schematic of the content release assay. (B) Detection of large pore fusion event. Before the injection of vesicles, there is a black background (gray trace). As vesicles are injected and dock to the surface, there is a spike in the fluorescence intensity (red trace) visualized by a fluorescent spot. After a short plateau (red trace), the vesicle develops a large fusion pore, where the fluorescence intensity increases sharply and declines sharply thereafter (green trace). During this period of increase and decline, the vesicle discharges content, which can be visualized by 2D diffusion of fluorophores. As the large pore contracts in size, the internal content escapes slowly, producing a slow decay (blue trace). The 2D diffusion of fluorophores is the criterion that divides the green trace and the blue trace. During the blue trace, 2D diffusion of fluorophores is not observed. This is visualized by a gradual dimming of the fluorescent spot to the black background. (C) Hypothetical model of membrane deformation in vesicle fusion. Here, SNARE complexes are not shown for clarity. (D) Controls for the SNARE dependence of the large fusion pore. The data are shown as means ± SD. ** p < 0.01 by Student’s t-test; n = 3 independent experiments. (E) Fluorescence trace of a non-release event. There is no decay in fluorescence over the span of over 20 s, indicating photobleaching is negligible.


The supported bilayer is prepared by spontaneous fusion of proteoliposomes, reconstituted with t-SNAREs (lipid-to-protein ratio (L/P) = 2000), onto a clean, hydroxylated quartz surface in the flow cell. The quality and the homogeneity of the supported bilayer are visually inspected under a microscope with a small amount (0.5 ppm) of the lipid dye DiD (1,1′-Dioctadecyl-3,3,3′,3′- Tetramethylindodicarbocyanine). Separa tely, v-SNAREs are reconstituted into liposomes that encapsulate RB-dextran as the internal content (v-vesicle).

To monitor the large fusion pore, the v-vesicles are injected into the flow cell containing the preformed supported bilayer. The formation of the SNARE complexes mediates vesicle docking and fusion. When a v-vesicle docks to the bilayer, a fluorescent spot appears on the imaging surface (red spike in Figure 2B). Subsequently, if a fusion pore greater than 6 nm in diameter is induced, we observe 2D diffusion of fluorophores as RB-dextran is dispersed underneath the supported bilayer (green trace in Figure 2B). The large pore often contracts prior to complete fusion. Pore contraction results in a solid fluorescence spot with a reduced intensity that gradually fades to dark (blue trace in Figure 2B). The slow decrease of fluorescence in this phase most likely indicates the slow leakage of the polymer content via a small fusion pore (please see somewhat different interpretation of the data in Kreutzberger et al., 2019). In fact, Chapman and coworkers recently shown that SNARE complexes alone can sustain prolonged opening of a small fusion pore (Bao et al., 2018).

Surprisingly, in the time trace, we observe that content release causes the initial increase and then, the subsequent decrease of the fluorescence intensity (green trace in Figure 2B). Since the entrapped fluorophore concentration (90 μM) is lower than the critical concentration for self-dequenching, we rule out the possibility that the initial increase of fluorescence is due to self-dequenching. A likely scenario for the increase of the fluorescence intensity is that the internal content of the vesicle moves into the region of the stronger evanescent wave during formation of the large pore (Figure 2C). A similar increase of the fluorescence intensity was observed by Tamm and coworkers during the late stage of fusion of dense core vesicles to the planner bilayer employing the mRuby dye tagged to 36-residue neuropeptide Y (Kreutzberger et al., 2019). They interpreted the data similarly. The data suggests that the larger the size of the fusion pore, the more the vesicle would collapse to the surface, and the higher the fluorescence intensity increase in this phase would be. Thus, the increase of the fluorescence intensity here is likely to reflect the size of the fusion pore. We note, however, that the fluorescence steps from fusion of dense core vesicles are not entirely identical to those from our experiment. In particular, Tamm and coworkers observed a decrease of the fluorescence intensity after the docking plateau between red and green traces in Figure 2B. Such a decrease is not present in our time traces. The difference is most likely due to the fast kinetics in our vesicle-to-supported bilayer fusion.

As controls, to confirm that content release is SNARE-dependent, individual SNARE proteins are omitted or replaced with a disabled mutant in separate assays (Figure 2D). The v-SNARE dependence is tested using v-vesicles without VAMP2. When these vesicles are flowed over the bilayer, there are virtually no content release events. The t-SNARE dependence is evaluated using a SNAP-25 truncation mutant, SNAP-25E that is derived from the product of Botulinum toxin E cleavage that removes 26 residues from the C-terminal SNARE motif. SNAP-25E, which has been shown to impair vesicle docking (Arrio-Dupont et al., 1996), supports no content release events. In both controls, there are non-release events displaying vesicles that transiently dwell on the bilayer, without content release, followed by disengagement from the membrane (Figure 2E). Events with such a fluorescent trace pattern are excluded in the analysis.



SNAREs Are Not Effective in Driving Formation of the Fusion Pore Larger Than 6 nm

With SNAREs alone, a majority of the vesicles that dock to the surface of the bilayer via SNARE zippering do not open a large pore. Out of the 285 events analyzed, 177 vesicles (62%) do not show a sharp change of fluorescence nor 2D diffusion of fluorophores, indicating that the large fusion pore was not formed. A prototypical fluorescence time trace representing this group shows a spike in fluorescence due to docking, but it is followed by a slow decay of fluorescence to the baseline over several seconds (Figure 3A left).
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FIGURE 3. SNAREs are inefficient at driving formation of the fusion pore larger than 6 nm. (A) Representative fluorescence time-traces of SNARE mediated fusion. Docked vesicles without apparent release (left) and with release (right) determined by 2D diffusion of fluorophores are shown. (B) Distribution of the number of large pore fusion events for individual docked vesicles. Total 4 independent measurements were analyzed for B–D. Error bars represent standard deviations from means. The data are shown as means ± SD. ** p < 0.01 by Student’s t-test; n = 3 independent experiments. (C) Distribution of duration of the large fusion pore, which is measured by the green part in Figure 2B. (D) Distribution of the relative maximum fluorescence intensity. The relative maximum fluorescence intensity of each event is calculated by dividing the maximum intensity caused by fusion pore expansion by the fluorescence intensity at the moment of vesicle docking. This is necessary because every vesicle has different number of content dyes. (E) Representative time traces of the content release event with SNAREs alone (gray) and with synaptotagmin-1 and 500 μM Ca2+ (blue). Synaptotagmin 1 and Ca2+ were premixed before injection (Kim and Shin, 2017). The molar ratio of VAMP-2 vs. synaptotagmin 1 in the vesicle is 1:1. More than 100 time traces are collected and they all show the similar pattern.


A minor population was able to open the large pore briefly before contracting. This led to a trace with an initial sharp increase and decrease of fluorescence prior to the slow leakage phase (Figure 3A right). More precisely, 108 out of 285 (38%) vesicles analyzed show the sharp increase then decrease of fluorescence and concurrent 2D diffusion of the fluorophores, reminiscent of the large fusion pore (Figure 3B). We also note that for a small percentage of the docked vesicles (5%), we observe two discrete release events from a single docked vesicle. These events are separated and are not included in the analysis of 285 total events. Thus, with SNAREs only, the probability of the large fusion pore for a single docked vesicle is 38%, indicating that SNARE complex alone is not an efficient driver of fusion pore expansion.

Besides the probability, other important parameters such as the duration and the qualitative pore size can be estimated from the data. For the majority of large pore fusion events, the large pore contracts after the partial release, rarely reaching the full release. The duration of the large fusion pore is defined as the time lapse of the green trace in Figure 2B. The duration distributes between 0.02 s and 1.00 s with an average of 0.28 ± 0.18 s (Figure 3C). On the other hand, the intensity increases due to the flattening (or collapse) of the vesicle during large pore formation provides qualitative estimation of the fusion pore size. The fluorescence intensity increases as much as 10 times with the median at 3 times (Figure 3D), indicating significant flattening (or collapsing) of the vesicle during the large pore fusion event.

It was previously shown that synaptotagmin-1 promotes dilation of the fusion pore (Lai et al., 2013). Thus, as a positive control, we added synaptotagmin-1 together with 500 μM Ca2+ concentration (Kim and Shin, 2017). In contrast to the case with SNAREs only, most vesicles show the full content release in a short time span (∼0.02 s) producing a sharply spiked time trace (Figure 3E). Thus, the results show that synaptotagmin-1 with Ca2+ is a major stimulator for fusion pore dilation, consistent with previous findings (Lai et al., 2013; Wu et al., 2019).



αS Promotes the Probability, the Duration, but Not the Size of the Large Fusion Pore

The vesicle-to-supported bilayer fusion assay employing a large polymer cargo provides an opportunity to dissect the effect of the fusion modulators on the formation of the large fusion pore. In Figure 3, we demonstrate that the analysis of individual single vesicle fusion can yield probability, duration, and relative size of the large fusion pore. To uncover the effect of αS on the formation of SNARE-induced large pore, we included 5 μM αS, a typical cellular concentration, in our membrane fusion assay (Hawk et al., 2019). The vesicles are premixed with αS and after 10 min incubation, the mixture is injected into the flow chamber. The flow chamber also was incubated with 5 μM αS before injection.

Firstly, out of 691 events analyzed, we found that αS drastically increases the probability of a docked vesicle to form a large fusion pore. As much as 97% of docked vesicles showed the release of RB-dextran, which is in sharp contrast with 38% for SNAREs only (Figure 4A). However, even in the presence αS, vesicles struggled to reach complete release through a large pore prior to contraction. Secondly, with αS, the duration of the large pore is 1.15 ± 0.67 s on average, which is an increase by about factors of 4 compared with the average duration with SNAREs only (Figure 4B). Thirdly, we found that with αS, there is no further increase of the fluorescence intensity at the initial phase of formation of the large fusion pore, indicating that sizes of the large fusion pore remain approximately the same as those of SNAREs only (Figure 4C). This resulted in αS displaying a trace with a longer release phase than the trace of SNAREs alone (Figure 4D). Thus, the results show that αS increases the probability and the duration of the large fusion pore significantly, while the size of the large fusion pore is largely unaffected.
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FIGURE 4. αS promotes probability, duration, but not the size of the large fusion pore. (A) Distribution of number of large pore fusion events for individual docked vesicles. For αS, events from 7 independent measurements were analyzed for A–C. Error bars represent standard deviations from means. The data are shown as means ± SD. ** p < 0.01 by Student’s t-test; n = 3 independent experiments. (B) Distribution of the duration of the large fusion pore. (C) Distribution of relative maximum intensities of large pore fusion events. (D) Representative fluorescence time trace of a large pore fusion event with αS.




The SNARE Interaction With αS Does Not Affect Fusion Pore Expansion

Structurally, αS is composed of distinct two parts, the membrane-binding amphipathic region of N-terminal 100 residues and the acidic C-terminal region of 40 residues. The soluble C-terminal region may be functionally important because it interacts with the N-terminal region of v- SNARE, VAMP2. Previously, we have shown that αS can cross-bridge a vesicle to the lipid bilayer by utilizing these two interactions (Lou et al., 2017). It is unclear if such cross-bridging can affect the fusion pore. To test this idea, we generated the truncation mutant αS 1-95 by removing the final 45 amino acids from the C-terminal of αS (Lai et al., 2014; Lou et al., 2017).

This time, we used 200 nM for both wild-type αS and αS 1-95 due to the aggregation of αS 1-95 at the μM concentration range under our experimental conditions. Out of 403 events analyzed, we found that the probability of the large fusion pore for αS 1-95 is similar to that for wild-type αS (99% vs. 97%, respectively) (Figure 5A). However, the average duration of the large pore for αS 1-95 is slightly shorter than that for wild-type αS (0.86 ± 0.50 s vs. 1.15 ± 0.67 s, respectively) (Figure 5B). With αS 1-95, the increase of the fluorescence intensity at the initial phase of large pore formation was somewhat less (2.86 ± 1.53) than the increase for the wild-type (3.38 ± 2.20) (Figure 5C). Thus, although there are some minor variations, our results show that the C-terminal of αS and possibly, its interaction with VAMP2 is not much to do with the stimulation of large fusion pore formation.
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FIGURE 5. The SNARE interaction with αS does not affect fusion pore expansion. (A) Distribution of number of large pore fusion events for individual docked vesicles. For αS 1-95, events from 5 independent measurements were analyzed for A–C. Error bars represent standard deviations from means. The data are shown as means ± SD. ** p < 0.01 by Student’s t-test; n = 3 independent experiments. (B) Distribution of the duration of the large fusion pore. (C) Distribution of relative maximum intensities of large pore fusion events.




Membrane Binding of αS Plays a Role in Stimulating Fusion Pore Expansion

After learning that the interaction between αS and v-SNARE VAMP2 has minimal effects on the parameters of fusion pore expansion, we asked if membrane binding of αS is the factor that governs its stimulatory role in fusion pore expansion. Recently, Sudhof and coworkers isolated and characterized double proline mutants of αS A11P/V70P and T44P/A89P whose membrane binding activity is significantly impaired (Burré et al., 2015). In parallel to their impaired membrane-binding activity, both double proline mutants showed significantly reduced stimulation of fusion pore expansion compared to that by the wild-type. In the presence of the mutants, the probability to open a large pore reaches only 50%, which is slightly higher than that of SNAREs only, but much lower than 97% in the presence of wild-type αS (Figure 6A). Similarly, the durations of the large fusion pore are longer than those with SNAREs only, but shorter than those in the presence of the wild-type (Figure 6B). Interestingly, it appears that the rank order of the durations follows the rank order of the membrane affinity (Lai et al., 2014), where the wild-type is the first, T44P/A89 the second, and A11P/V70P the third for the both parameters. There was no significant different in pore sizes between the wild-type and the mutations (Figure 6C). Thus, our results show that membrane binding of αS is the major factor that determines its activity of stimulating fusion pore expansion.
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FIGURE 6. Membrane binding of αS plays a role in stimulating fusion pore expansion. (A) Distribution of number of large pore fusion events for individual docked vesicles. For αS A11P/V70P, 124 release events were detected out of 289 total events from 18 independent measurements. For αS T44P/A89P, 98 large pore fusion events were detected out of 209 total events from 19 independent measurements. Error bars represent standard deviations from means. The data are shown as means ± SD. ** p < 0.01 by Student’s t-test; n = 3 independent experiments. (B) Distribution of the duration of the large fusion pore. (C) Distribution of relative maximum intensities of large pore fusion events.




Familial Mutations A30P and A53T of αS Moderately Reduce the Duration of the Large Fusion Pore

Studies of families with a history of Parkinson’s disease have resulted in the identification of several familial mutations (αS A30P, E46K, and A53T) involved in early-onset forms of the disease (Wong and Krainc, 2017). Of those mutations, Edwards and coworkers have shown that A30P and A53T abolish promotion of large cargo release by αS in chromaffin cells (Logan et al., 2017).

To test if their findings are applicable for neuronal SNAREs, we examined three αS point mutants with our single vesicle-to-supported bilayer assay. When compared to wild-type αS, all three mutants have nearly identical capacities to increase the probability of large fusion pore formation with probabilities >90% (Figure 7A). Interestingly, the duration of the large pore is somewhat reduced to 0.61 ± 0.20 s for A30P and 0.69 ± 0.37 s for A53T compared to 1.15 ± 0.67 s for the wild-type (Figure 7B). Meanwhile, the duration for E46K is 1.05 ± 0.42 s, which is similar to that for the wild-type within experimental uncertainty. For the increase of the fluorescence intensity at the initial phase of the release, all familial mutants and the wild-type are statistically similar to each other (Figure 7C). Thus, the results suggest that for all αS familial mutations, the fusion pore can grow as large as the size of the wild-type, but for A30P and A53T, the enlarged pore is not as stable as that of the wild-type.
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FIGURE 7. Familial mutations A30P and A53T of αS moderately reduce the duration of the large fusion pore. (A) Distribution of docked vesicles vs. number of large pore fusion events. In total for αS A30P, 288 large pore fusion events were detected from 290 total events from 4 independent measurements. For αS E46K, 326 large pore fusion events were detected from 331 total events from 5 independent measurements. For αS A53T, 322 large pore fusion events were detected from 337 total events from 7 independent measurements. Error bars represent standard deviations from means. The data are shown as means ± SD. ** p < 0.01 by Student’s t-test; n = 3 independent experiments. (B) Distribution of the duration of the large fusion pore. (C) Distribution of relative maximum intensities of large pore fusion events.




DISCUSSION

In this work, we have found, using an in vitro single vesicle fusion assay that αS has the capacity to promote the formation of the large fusion pore in SNARE-dependent membrane fusion. Our results are consistent with the findings by Edwards and coworkers (Logan et al., 2017), that αS enhances the release of a large protein cargo in chromaffin cells. For neuronal SNAREs, our data shows that αS increases the probability of individual vesicles to advance to the large fusion pore (diameter larger than 6 nm). Moreover, our results show that the duration of the large fusion pore is also increased by αS significantly. Consistently in neurons, Edwards and coworkers have found that αS delays the closing of the fusion pore for the release of small neurotransmitter, therefore, most likely the small fusion pore. Thus, the results together support the conclusion that αS has the tendency to keep the fusion pore open longer than it is without αS, regardless of the size of the fusion pore. Our results show that SNARE complex alone is only capable of expanding the fusion pore larger than 6 nm in diameter for less than 40% of the docked vesicles. More than 60% of them are not able to reach a pore size sufficiently large to allow release of 6 nm-diameter RB-dextran. Interestingly, we find that the SNARE-induced large pore is transient. In the presence of αS, the probability of large fusion pore formation is increased to nearly 100%.

Regardless of the presence of αS, after some release, the fusion pore contracts back to a very slow release state, which is most likely a small pore stage. Such incomplete dilation leaves residual RB-dextran in the vesicle. This suggests that although SNARE complexes can generate a transient large fusion pore, they are not fully sufficient to drive the complete dilation of the fusion pore. In sharp contrast, fusion pore expansion is fast and ends up with complete decantation of the content in the presence of synaptotagmin-1 and Ca2+. Thus, we speculate that synaptotagmin-1 and Ca2+ are the determining factors that drive fusion pore expansion into completion.

We speculate that the stimulating effects of synaptotagmin-1 and Ca2+ and that of αS are additive because synaptotagmin-1 and αS would not likely compete with each other for membrane binding. Ideally, this prediction could be tested with a similar in vitro vesicle fusion assay to the current one, but with a faster time resolution. The current method is limited with the time resolution of 20 msec, which is too slow to resolve the kinetics of fusion pore expansion in the presence of synaptotagmin-1 and Ca2+.

On a molecular level, αS is known for the interaction with v-SNARE VAMP2 as well as its interaction with the negatively charged membrane. The former is mediated by the binding between the C-terminal end of αS and the N-terminal region of VAMP2. However, our results show that this specific interaction has little to do with the probability, the duration, and the size of the large fusion pore. When the VAMP2-binding C-terminal region of αS was eliminated the three parameters remain virtually the same as that of the wild-type. Alternatively, the latter is mediated by the affinity of the N-terminal amphipathic region to the acidic lipids. Our data unambiguously finds that αS’s membrane-binding property plays a major role in fusion pore dilation. We speculate that αS binds to the membrane and adapts to the diverse architecture of the fusion pore, which stabilizes the membrane curvature (Trexler and Rhoades, 2009). For example, Trexler and Rhoades have shown that αS has preferential binding to the positive membrane curvature. The positive curvature surrounding the fusion pore could be stabilized by αS binding.

In chromaffin cells, Edwards and coworkers found that the familial mutations A30P and A53T abolish the ability of αS to promote large cargo release. Intriguingly, we find that, although the differences are small, these same familial mutations are not as efficient as the wild-type in providing the stability of the enlarged fusion pore (Figure 7B). However, it is not clear if such a small effect is relevant to the early onset of the Parkinson’s disease, warranting further investigation.

In this work, we have demonstrated that the single vesicle to supported bilayer fusion method is highly effective in dissecting the regulation of fusion pore expansion by αS. However, there are some weaknesses of the method. Although we add certain amounts of proteins, we have no way of estimating the exact number of molecules at the fusion site. We point out the new nanodisc approach, developed by other groups (Bao et al., 2018; Wu et al., 2019), with which one can control the number of proteins. We believe that the two methods will serve complimentarily.

In summary, elucidating the mechanism by which αS regulates SNARE-dependent membrane fusion is of great general interest. In this work, using the in vitro single vesicle-to-supported bilayer fusion assay employing 10 kD RB-dextran, we demonstrate that the SNARE complex could drive the enlargement of the fusion pore greater than 6 nm in diameter, but it collapses without progressing toward full dilation. However, in the presence of αS, more vesicles reach states of the sustained large fusion pore. Our results suggest that membrane binding of αS is responsible for the stimulating activity of fusion pore expansion.



MATERIALS AND METHODS


Plasmid Constructs and Site-Directed Mutagenesis

DNA sequences encoding SNAP-25 (amino acids 1-206), SNAP-25E (amino acids 1-180), syntaxin-1A (amino acids 1-288), VAMP2 (1-116), αS (amino acids 1-140) including all mutations, and αS 1-95 (amino acids 1-95) are inserted into the pGEX-KG vector as N-terminal glutathione S-transferase (GST) fusion proteins. Native cysteines are replaced by alanines for all the sequences. DNA sequences are confirmed by the Iowa State University DNA Sequencing Facility.



Protein Expression and Purification

N-terminal SNARE GST fusion proteins (SNAP-25, SNAP-25E, syntaxin-1A, and VAMP2) are expressed in Escherichia coli BL21 (DE3) competent cells. Cells are grown at 37°C in LB medium with ampicillin (100 μg/mL) until the absorbance at 600 nm reaches 0.6–0.8, and induced by the addition of IPTG (isopropyl β-D-thiogalactopyranoside, 0.3 mM final concentration) to express the protein overnight at 16°C. Cells are pelleted and resuspended in a wash solution [497 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4, (4 g/L Triton-X 100 added for the membrane proteins, VAMP2 and syntaxin-1A)] with final concentrations of 1 mM AEBSF [4-(2-aminoethyl) benzenesulfonyl fluoride and 4 mM DTT. Cells are lysed by homogenization and centrifuged to separate the supernatant from the pellet. The supernatant is collected and mixed with reduced glutathione resin in a batch purification method. After incubation, the protein is purified by washing the resin with wash solution. After washing, the resin is equilibrated into an elution buffer [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4, (0.8% octyl-beta-glucoside (OG) was added for the membrane proteins)]. Proteins were eluted by cleavage with 30 U of thrombin at 4°C for 16 h. The protein was stored at −80°C with 15% glycerol. αS (wild type, mutants, and truncated variants) are expressed and purified in the same manner as detailed above, but have an additional step.

The elution was further purified using FPLC employing a home-made size exclusion column packed with toyopearl HW-50F in a 2.5 cm × 60 cm Chromaflex column. PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) was used as the mobile phase. 5 mL fractions were collected and samples of each fraction were run on a 15%-SDS-PAGE gel to identify fractions that lacked higher molecular weight species. Pure fractions were combined, concentrated, and stored at −80°C with 15% glycerol.



Lipid Preparation

The lipids used to form the supported-bilayer (t-lipids) are made using a mixture of POPC (1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine), DOPS (1,2-dioleoyl -sn-glycero-3-phosphatidylserine), PIP2 (phosphatidylinositol 4,5-bisphosphate), and PEG2000-PE {1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]} in chloroform at a molar ratio of 78:15:2:5. The lipid mixture is first dried under an air stream, then dried further in a vacuum overnight. The t-lipids are resuspended in HEPES-OG buffer (25 mM HEPES/KOH, 150 mM KCl, 1% β-OG, pH 7.4).

The lipids used to form liposome for v-SNARE VAMP2 reconstitution (v-lipids) are made using a mixture of POPC, DOPS, and cholesterol in chloroform at a molar ratio of 75:5:20. The v-lipids are resuspended in HEPES with 90 μM Rhodamine B conjugated to 10 kD dextran (RB-dextran) before 10 flash freeze-thaw cycles, alternating between liquid nitrogen and boiling water. Unilamellar vesicles were prepared by extrusion through 100 nm diameter polycarbonate filters to make v-liposomes.



SNARE Reconstitution

For the supported bilayer, syntaxin-1A and SNAP-25 are premixed in a molar ratio of 1:1.5, and the mixture incubated at room temperature to form the t-SNARE complex. The t-lipids are added to the t-SNARE complex at a lipid:syntaxin-1A ratio of 2000:1. The mixture is diluted 3-fold using HEPES buffer to reduce detergent concentration and insert the t-SNARE complex into the t-lipids. The mixture is then dialyzed overnight at 4°C in 2L of HEPES containing Bio-BeadsTM SM-2 Resin to remove all detergent.

For v-vesicles, v-liposomes are mixed with VAMP2 at a lipid-to-protein ratio of 200:1. The mixture is diluted and dialyzed in the same manner as described above while ensuring that concentration of RB-dextran is constant at ∼90 μM. Vesicles prepared with this method were found to be ∼ 90 nm ± 10 nm in diameter with few small unilamellar vesicles (SUV) when examined with transmission electron microscopy (Yoon et al., 2006).



Vesicle-to-Supported Bilayer Fusion Content-Release Assay

A quartz slide and a glass cover slip are cleaned and hydroxylated by boiling in a piranha solution (1:1 mixture of concentrated sulfuric acid and 30% hydrogen peroxide) for 15 min. Afterward, the slide and cover slip are thoroughly rinsed with deionized H2O and placed in a cleaning sonicator for 30 min to remove residual acid. The slide and coverslip are then dried and assembled to generate several microfluidic chambers separated by double sided Scotch tape. The chambers are filled with t-bilayer prepared from the overnight dialysis. The t-bilayer formed on the quartz surface for 2 h at 37°C. The excess liposomes/protein mixture was washed out with HEPES and replaced with 5 μM αS.

The microfluidic chambers are then placed on the imaging stand of our microscope. Imaging oil was put on the prism of our prism-type TIRFM, and then the prism was lowered onto the quartz slide. The incident angle of the exciting laser (532 nm) was adjusted and we initiated real-time movie acquisition with an imaging area of 110 × 110 μm using 20 ms time resolution. The viewing area is divided into the 512 × 512 pixels and the data is stored in the 512 × 512 arrays. To perform the fusion assay, we injected the v-vesicles from dialysis with 5 μM αS into the microfluidic chamber at a rate of 50 μl/min. The sample to be injected into the flow cell has 250 nM of v-vesicles (total lipid concentration) encapsulating ∼90 μM of RB-dextran. The sample contains 3.75 nM of RB-dextran in the bulk solution which does not affect our measurements. We collected 60 s videos for each microfluidic chamber and analyzed fusion events using our custom-built analysis software.



Data Analysis

Fluorescence of RB-dextran from the content vesicles is monitored to determine content release from fusion events using in-house MATLAB® 2019 (a) analysis software. Each recording is analyzed frame by frame based on both visual determination and fluorescence trace pattern analysis.

The fluorescence intensities shown in Figure 2 are calculated by summing up those in 5 × 5 pixels surrounding the central pixel with the brightest light intensity.

Large pore content release is indicated when a vesicle immobilized and fused on the surface displays 2D diffusion of the fluorophore. The corresponding fluorescence trace shows a large spike in fluorescence followed by a sharp decrease within less than 2 s. Events that did not form a large pore are indicated when a vesicle immobilized on the bilayer with no visible 2D diffusion of the fluorophore. The corresponding fluorescence trace shows a large spike in fluorescence followed by a slow decay to baseline over several seconds. Non-release events are when a vesicle became immobilized on the surface and disengaged after several seconds without any visible release. The fluorescence trace of a non-release event that contained a sharp increase in fluorescence, did not decay over several seconds during a plateau period, and then sharply declined to baseline. Non-release events were not included in the data analysis. This lack of fluorescence decay also indicates that photobleaching is not observable in the time scales we are measuring.

The selected traces corresponding to large pore content release events are background-corrected by fitting the minimum baseline for all traces from a single recording with a polynomial and then subtracting the polynomial from all the traces. The number of content release events are manually counted. The duration of release was quantified as the time from the beginning to end of large pore content release which is determined by the period of apparent 2D diffusion of the fluorophore.
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Targetedmodulators Donor-acceptor pairs ~ Comments. Receptor/ modulator References.

Gprotein
GPCR-Gprotein ~ CFP-YFP The FRET sensor illstrated M2R and Go protein form the exclusive complex alter agonist M2R/Goo-GB. Azpiazy and Gautam,
stimulation at membrane. 2004
Ruc-GFP BRET sensor measuredithe direct and kinetic ineraction of GasByz proteins and BoAR in Iving BARGaspry2 Gales et al., 2005
cels, and supported the precoupling of GasP1yz-B2AR by basal BRET signal.
CFP-YFP ‘The FRET sensor detected the fast agonist-induced agaAR- Ganpryz interactionkinetic insingle  aoaAR/GaxtPrvz Hein et al, 2005
tning cell (<100 ms).
CFP-YFP ‘The FRET sensor identified azsAR pre-coupled to Go protein but not Ge,while IP pre-coupled 1o G azaAR/Gao/Ga Nobles et al, 2005
proteins in opposite way, indicating the specificinteraction between GPCRs and G proteins. 1P/Gao/Gas
€CFP-eGFP. ‘The FRET sensorobserved B,R pre-coupled to GagByproteiniin the resting statewhich allowed fora  B,R/Gaq Phiip et al, 2007
rapid and directed cel response.
Rlucs-Venus/ Niuc-Venus  The miniG BRET sensor is mdified from native G protein,obtained higher stabilty and selectivity.  BAR/MinGas Wan etal, 2018;
‘The miniG BRET sensors can recognize and stabiize the active states of B2AR and several Frizzied  poAR/miniGaro Wight et al, 2019
paralogs. Frizzled receptors/miniGa
GpyproteinGRK  Niuc-Venus ‘These sensors can quantitatively detectthe magnitudes and kinetics of GPCRs general GBy-GRK  Gy-masGRK3ct Masuho etal., 2015
interaction allowed the fingerprinting to be profiled of individual GPCR.
Gprotein-specific  NIuc-YFP Membrane-anchored unimolecular BRET sensor specifically binds to GTP-Gaprotein and produce  apsAR/Ga; Maziarz et al, 2020
unimolecues the BRET signal to indicate the activity of endogenous GPCRS/G proteins without any modifications.  M3R/Gag
PAR1/Gag
Gapy heterotrimer  CFP-YFP. The G protein heterotrimer FRET sensor measured azaAR ligand-induced G protein activiy, axARGaBry2 Bunemann et al., 2003
rearrangement indicating the rearrangement ocoured in Gaxfh1y heterotrimer instead of dissociation, and
detecting activation of G protein in 1-2s, slower than receptors activation.
Rluc-GFP10 “The multple sites inserted BRET sensorscan moritor conformational rearrangementsat o ARGairBrve Galés et al, 2006
Gaiaryzsubunits interfaces after azaAR stimulation, supporting the open interface of Gainp1v2
rather than totally dissociation.
Riucs-GFP10 ‘With high sensitiiy, the BRET sensors re-defined the Sil as the partial agonist of AT:R rather than  AT;R/Gay Savlere etal, 2012
B-arrestins biased agonist by detecting multiple G protein heterotrimersactivities.
Riuc8-GFP. ‘The study generated through exhaustive protein engineering and empirical testing, building the BoAR/Gay Olsen etal., 2020
TRUPATH suite of GaBy biosensors includes the first Gats and Gagusiasei PIobes. KOR/Gafy
CB:R/Gapy
WOR/Gafly
NTiR/Gapy
Nie ‘The NanoBIT system is used for monitoring the most G protein heterotrimers kinetics in realime  Prostanoid receptors/Gapy Inove et al,, 2019
with highly reproducible signals under most GPCR, such as AT; R, D2R, Prostanoid receptors, AT\RGapy
BoARGay
D2R/Gafly
CFP-YFP FRET sensor of Gas protein heterotrimer exhibited the decrease in ratiometric FRET after 100 uM  AoaR/Gasbryz Hein et al, 2006
‘adenosine stimulation of AR, indicating a and by suburits of G dissociated or at least reoriented.
CFP-YFP Using FRET-based assay developed the direct sensors in mammalian to measure multple G protein — azsAR/GaoyzBrv2 Frank et al, 2005
subtypes heterotrimer changes, it s indicated that Ga, and Ga; urdergo rearrangement rather than
dissociation, whereas Gao dissociate or rearrange i distinct manner after azaAR activation.
YFP-miurquoise ‘The improved GqFRET sensor (with the best CFP variant) firsty allowed the detection of Koo 0f Gq  H1R/GagB1v2 Adjobo-Hermans et a.,
and the FRET sensor indicated the dissociation of Gefrom G protein heterotrimer after stimuiation of 2011
HIR
Venus-mTurquoise2 The Gass FRET sensor can be used to detect heterotrimeric Gproteinsactivty in HeLa and primary  LPA2 receptor/Garaptyz Meastop et al, 2018
HUVEGs,and the sensor confirmed the dissociation of Gass from GaBy complex under LPA2 PARS/Gararyz
receptor and PAR stimuiation.
prarrestins
GPCR/p-arestins  Rluc-YFP. The BRET sensor detected the p-arrestin? interaction with p2AR after agorist addition with high ~ poAR/p-arrestin2 Angers et al, 2000
sensitity.
Ruc-eYFP ‘These BRET sensors were used to identify the interaction of p-arrestins with TRHRS, and then TRHRs/B-arrestins Kroeger et l,, 2001;
revealed TRHRT interacted equally B-arrestint and 2 while TRHR2 only interacted with p-arrestin2 Hanyaloglu et al, 2002
that correlated with B-arrestins promoted internaiization of TRHRs.
Rluc-YFP Using OTR/p-arrestin BRET sensor obtained the resut that the BERT signal started at 105 and OTR/p-arrestin2 Hasbi et al,, 2004
achieved the peak at 36s, inicated the delay and slow Gourse of p-arrestin recruitment may be
limited by receptors phosphoryation via GRK.
RuclGFP Enhanced bystander(Eb) BRET sensor monitored compartmental trafficking of f-arrestine/ATiR  AT{R/p-arrestin2 Namkung et al, 2016
complex and compartmentalp-arrestin recruitment induced by AT R agonist with high
spatiak-temporal esolution in iving cells, providing the clear imaging BRET signal.
CFP-YFP The FRET sensor was used to detect the dynamic GPCR/p-arrestins interaction and provided the  PTHR/p-arrestin2 Viardaga et al, 2002,
evidence oftime delay compared to the activation of PTHR. 2008
CFP-GFP/YFP The study used FRET sensors to dlassify the P2Y; receptor as a class A receptor when stimulated  P2YzR/p-artestins Hoffmann et al, 2008
with ATP or as a class B receptor when stimulated with TP, according to the interaction manners
with p-amestins,
FiASH/ReASH Double sie-specific and orthogonal labeled FRET sensor was proposed in PTHR/B-arrestin2 Zumetal, 2010
PTHR/p-arestinZinteraction investigation with minimal disturbance of their funcion proved the
method may be widely applied.
prarestins Rluc-YFP/GFP The double-billance p-arrestin intramolecular BRET sensor firstly allowed the real-time monitoring  poARNV2R Charest and Bouvier,
‘conformational of conformational changes of p-artestin? after both classA (B,AR) and dlass B (V2R) receptors paresting 2003; Charest et al.,
changes activation in intact clls. 2005
Rluc-YFP The intramolecular BRET sensor observed the diferent conformational changes of f-arestin2 upon  p2AR/p-artestin Shukia et al., 2008
stimulations of biased ligands or unbiased ligands under AT1R, BAR and PTHIR. AT Rip-aresting
PTHIR/p-arrestin2
Nuc-CyOFP1 The optimized BRET sensorsdetected p-arestin2 partal active state under AT:R stimulations with  ATiR/p-arrestin2 Oishi et al,, 2020

increased brightness and wider spectral separation, and the sensors can be applied with a wide
panel of class A and B receptors even orphan receplors.

CFP-FIASH The FIASH-FRET sensorshave advantages of the small size and robust fluorescence signal. The  BoAR/p-arestin2 Nuber et al, 2016
multiple sites inserted FIASH-FRET sensors detected different conformational changes in p-arrestin2 - MpAChR/p-arresting
under i2AR and MAGIR after agonist stimulation, and supportedreceptor-specific patterns of
‘conformational changes in p-arrestin2.

Riuo-FiAsH A series of intramolecular FIASH-BRET sensors were designed todetect diferent conformational P, R/p-arrestin2 Lec etal, 2016
changes in p-arrestins under muliple GPCRS, such as PTH R, AR and ATiR, supporting that  poAR/p-arrestin
specific igand-receptors could invoke different conformational changes in p-artestins and provide  ATyR/f-arrestin2
the insight into mechanism of GPCRs generafing diverse functions.

TRHR, Thyrotropin-releasing hormone receptors; OTR, Oxytocin recepor; V2R, V2 vasopressin receptor; PTHIR, Parathyroid hormone 1 receptor; agx AR, a2A adrenergic receptor; BoAR, Ba-Adrenergic receptor;
P2Y2R, purinergic receptor; AzxF, Az adenosine receptor; mTurquoise, Monomeric Turquoise; H1R, Histamine H receptor; PARS, protease activated receptors; IR, prostacyclin receptor; kOR, «-opioid receptor;
WOR, p-opioid receptor; CB; R, cannabinoid-1 receptor; NT1R, Neurotensin-1 receptor; D2R, Dopamine D2 receptor; Bz, B2-Bradykinin receptor; M3R, M3 muscarinic acetylcholine receptor; M2R, M2 muscarinic
acetylcholine receptor.
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Type of sensors Fluorescent probe Receptors Comments References
RET-sensors applied in purified protein
Polarity sensitive IANBD B2AR The first direct evidence for ligand specific conformational changes occurring in a GPCR. Gether et al., 1995
fluorescent dyes
Fluorescence quenching Fluorescein maleimide (FM)  B2AR Showed the relative movements of the two labeled amino acid and 20 s activation kinetics through ~ Ghanouni et al., 2001a,b
and the fluorescent change after ligand addition.
oxyl-N-hydroxysuccinimide
as quencher
Intramolecular RET-sensors in cells
FRET CFP/YFP PTHR; asa AR; The first generation of FRET sensor to detect GPCR conformational changes in living cells, and Vilardaga et al., 2003, 2005;
B1AR; BoAR; AoAR; showed a fast activation kinetic induced by various ligands in single cell assay using microscopy. Hoffmann et al., 2005;
BoR Chachisvilis et al., 2006;
Rochais et al., 2007; Reiner
etal., 2010
FRET CFP/FIAsH AoAR; apa AR The smaller FIAsH tag avoided to disturb G protein signaling and provided a better signal-to-noise Hoffmann et al., 2005
ratio compared with CFP/YFP FRET sensor.
BRET Rluc II/FIAsH F prostanoid The BRET sensors allow microplate assay to probe the conformational rearrangement promoted by  Sleno et al., 2016; Bourque
receptor; diverse ligands but require exogenous labeling and extensive washing. et al., 2017; Devost et al.,
AT1R;B2AR 2017; Sleno et al., 2017
nanoBRET Nluc/Halo-618 PTHR; apa AR; These BRET sensors are directly translatable to other class A and B GPCRs and the high amplitude Schihada et al., 2018
B2AR induced by agonist suitable for microtiter plate assays with HTS formats.
nanoBRET Nluc/YFP B2AR The genetically encoded biosensors don’t need dyes labeling and can be a tool to evaluate ligands ~ Picard et al., 2018
with different intrinsic efficacy by BRET changes in HTS formats.
BRET Rluc8/mVenus fused with KOR Two KOR state specific nanobodies can be used as real time reporters for monitoring both Che et al., 2020
conformation sensitive ligand-dependent and independent conformational states in cells.
nanobody
nanoBRET Nluc/NB80-GFP B2AR NanoBRET sensor based on NB80-GFP confirmed the activation of 2AR in VEGFR2-82AR Kilpatrick et al., 2019
complexes was not influenced by VEGFR.
TR-FRET SNAP (BG-green) /ACP17  LH receptor; Two cases illustrated how to use the TR-FRET toolbox construct intramolecular conformational Scholler et al., 2017a
(CoA-Lumi4-Th) GABAgR change sensors.
Intermolecular RET-sensors
FRET CFP/YFP mGlu1l homodimer ~ Observed the intermolecular FRET change between protomers and showed 10 ms of mGlu1 Tateyama and Kubo, 2006;
receptor activation kinetics between two subunits after agonist addition in real-time. Marcaggi et al., 2009
FRET 4-azido-L-phenylalanine mGlu2 homodimer  Used the unnatural amino acid-incorporation strategy to successfully constructed mGlu2 Liauw et al., 2021
(site specifically labeling intermolecular sensor in living cells. And revealed new conformational states during receptor
Cy3 and Cy5 fluorophores) activation.
BRET Rluc/YFP MT1/MT2 The specific interaction of ligands with the MT1/MT2 heterodimer was studied by this sensor. Ayoub et al., 2004
heterodimer
TR-FRET SNAP (BG -Green and mGlu2 homodimer  Inter-subunit FRET change induced by series ligands demonstrated that a reorientation of the ECDs  Doumazane et al., 2013;

BG-Lumi4-Tb)

is associated with receptor activation in mGilu receptor.

Scholler et al., 2017a

IANBD, the cysteine-reactive fluorescent probe N,N*-dimethyl-N-(iodoacetyl)- N*-(7-nitrobenz2-oxa-1,3-diazol-4-yl) ethylenediamine; BG, OB-benzyl-guanines; metabotropic glutamate receptor (mGlu receptor);
metabotropic y-aminobutyric acid receptors (GABAg receptor); luteinizing hormone (LH) receptor; B2AR, Ba-Adrenergic receptor; BoR, Bo-Bradykinin receptor; Parathyroid hormone 1 receptor (PTHR); a2A AR,
apA adrenergic receptor; AsaR, Aoa-adenosine receptor; F prostanoid (FP) receptor; KOR, k opioid receptor; DoR, D2-dopamine receptor; MT1, MT1 melatoninreceptor; MT2, MT2 melatonin receptor.
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