








Extended Data Fig. 13 | See next page for caption.



Extended Data Fig. 13 | Engineering PAGERFL. a, Summary of DCZ1.0 
development. DCZ1.0 is the receptor portion of PAGERFL, lacking the nanobody 
and toxin. Starting from M4R, we ① screened cpEGFP insertion sites within the 
ICL3 loop in gACh sensor2; ② optimized key residues (shown in bold) in the linkers; 
and ③ optimized critical residues in cpEGFP. b, Sequence of optimized DCZ1.0 
sensor. The residues related to ICL3 replacement and mutations incorporated 
during the optimization process are marked. c, Summary of ACh sensor screening 
and optimization. The number of ACh sensor variants tested during each 
optimization process is shown in x-axis. The final optimized variant was named 
hM4-1.0. d, Response (left) and relative brightness (right) of hM4-1.0 to various 
concentrations of ACh and DCZ. n = 300 cells from 3 independent experiments. 
Error bars=S.E.M. e, Membrane expression of hM4-1.0 in HEK293T cells. RFP-
CAAX is a membrane-targeted RFP. Scale bars, 50 μm. n = 3 independent 
experiments. f, DCZ1.0 incorporates the two additional DREADD mutations 
compared to hM4-1.0. g, Representative images of expression and response of 
DCZ1.0 sensor to 1 μM DCZ. Scale bars, 10 μm. h, Drug response curves (left) 
and relative brightness (right) of DCZ1.0. n = 300 cells from 3 independent 
experiments. Error bars=S.E.M. i, Fluorescence time traces (left) showing the 
rate of EGFP fluorescence onset after 1 μM DCZ addition. Group summary 

(right) of ΔF/F0 with or without DCZ addition. n = 126 cells from 3 independent 
experiments. Error bars=S.E.M. j, Example fluorescence images and intensity 
line scan profiles of DCZ1.0 (green), RFP-CAAX (red), and merged image in the 
presence of DCZ (1 μM). The white line indicated the ROI for intensity profiling, 
and the Pearson R was calculated and used to indicate the membrane trafficking 
index of the sensor. n = 112 cells from 3 independent experiments. Error bars=S.E.M. 
Scale bars, 10 μm. k, G protein and coupling were measured using the split-
luciferase complementation assay3 in cells expressing α-mCherry PAGERFL 
(red), α-EBFP PAGERFL (blue) in the presence of the indicated concentrations of 
DCZ; The DCZ-responsive DREADD hM4Di (black) was used as a positive control 
and no receptor (grey) was used as a negative control. AU, arbitrary units. n = 3 
independent experiments. Error bars=S.E.M. (one-way ANOVA with Tukey’s 
multiple comparisons test; *** p < 0.005; n.s.=not significant). l–m, Response 
of α-VEGF PAGERFL developed by swapping nanobody with α-VEGF nanobody 
(Nb35). l, Fluorescence time trace showing the rate of EGFP fluorescence onset 
after VEGF addition. DCZ was present at 100 nM. m, Response of α-VEGF PAGERFL 
to various concentrations of VEGF. DCZ was present at 100 nM. F0 is the intensity 
of sensors with 100 nM DCZ addition. n = 300 cells from 3 independent 
experiments. Error bars=S.E.M.
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