











Extended DataFig.13|See next page for caption.



Extended DataFig.13 |Engineering PAGER;,.a, Summary of DCZ1.0
development.DCZ1.0is the receptor portion of PAGER,, lacking the nanobody
and toxin. Starting from M4R, we ®screened cpEGFP insertion sites within the
ICL3loopingACh sensor?; @optimized key residues (showninbold) inthe linkers;
and ® optimized critical residuesin cpEGFP.b, Sequence of optimized DCZ1.0
sensor. Theresiduesrelated to ICL3 replacement and mutations incorporated
during the optimization process are marked. ¢, Summary of ACh sensor screening
and optimization. The number of ACh sensor variants tested during each
optimization processis shownin x-axis. The final optimized variant was named
hM4-1.0.d, Response (left) and relative brightness (right) of hM4-1.0 to various
concentrationsof AChand DCZ.n =300 cells from 3 independent experiments.
Errorbars=S.E.M. e, Membrane expression of hM4-1.0 in HEK293T cells. RFP-
CAAXisamembrane-targeted RFP.Scale bars, 50 pm.n =3 independent
experiments.f,DCZ1.0incorporates the two additional DREADD mutations
compared to hM4-1.0. g, Representative images of expression and response of
DCZ1.0sensorto1puMDCZ.Scalebars,10 um. h, Drugresponse curves (left)
andrelative brightness (right) of DCZ1.0.n =300 cells from3independent
experiments. Error bars=S.E.M.1i, Fluorescence time traces (left) showing the
rate of EGFP fluorescence onset after 1 uM DCZ addition. Group summary

(right) of AF/F, with or without DCZ addition. n =126 cells from 3independent
experiments. Error bars=S.E.M.j, Example fluorescence images and intensity
linescan profiles of DCZ1.0 (green), RFP-CAAX (red), and merged image in the
presence of DCZ (1uM). The white line indicated the ROl for intensity profiling,
and the Pearson R was calculated and used to indicate the membrane trafficking
indexofthesensor.n=112 cellsfrom3independent experiments.Error bars=S.E.M.
Scalebars, 10 pm.k, G protein and coupling were measured using the split-
luciferase complementation assay’ in cells expressing a-mCherry PAGER,
(red), a-EBFP PAGER, (blue) inthe presence of theindicated concentrations of
DCZ; The DCZ-responsive DREADD hM4Di (black) was used as a positive control
and noreceptor (grey) was used as anegative control. AU, arbitrary units.n=3
independent experiments. Error bars=S.E.M. (one-way ANOVA with Tukey’s
multiple comparisonstest; ***p < 0.005; n.s.=not significant).I-m, Response
of a-VEGF PAGER;, developed by swappingnanobody with a-VEGF nanobody
(Nb35).1, Fluorescence time trace showing the rate of EGFP fluorescence onset
after VEGF addition. DCZ was presentat 100 nM. m, Response of a-VEGF PAGER;,
tovarious concentrations of VEGF. DCZ was present at 100 nM. F,is the intensity
of sensors with100 nM DCZ addition.n=300 cells from 3 independent
experiments. Error bars=S.E.M.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  N/A

Data analysis N/A

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data supporting the findings of this study are available within the paper and its Supplementary Information. No datasets were generated or analyzed during the
current study.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. Sample sizes were determined based on at least three independent experiments
and based on accepted practices as provided in the literature and appropriately cited. Based on previous studies in the field, sample sizes in
this study enable statistical analysis and ensure reproducibility.

Data exclusions  No data was excluded from the analyses.

Replication All experimental findings presented in this study were reproducible based on independent replicate measurements as described in detail in
the methods section and the corresponding figure legends.

Randomization  Randomization as would be performed with human samples or animal studies does not apply to this study.

Blinding Blinding as would be performed with human samples or animal studies does not apply to this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

XXXOXO s
ODO00XOX X

Antibodies

Antibodies used Phospho-p44/42 MAPK (phospho-Erk1/2; Cell Signaling Technology #9101), p44/42 MAPK (Erk1/2; Cell Signaling Technology #9107),
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Antibodies used and B-Tubulin (Cell Signaling Technology #86298).

Validation All antibodies used in this study were recommended on manufacturer's website for use in the employed application. Relevant
citations can be found at the web page for each antibody (https://www.cellsignal.com/products/primary-antibodies/phospho-
p44-42-mapk-erk1-2-thr202-tyr204-antibody/9101, https://www.cellsignal.com/products/primary-antibodies/p44-42-mapk-
erk1-2-3a7-mouse-mab/9107, and https://www.cellsignal.com/products/primary-antibodies/b-tubulin-d3ulw-mouse-mab/86298?
site-search-type=Products&N=4294960093+102236+4294967092+4294956287&Ntt=tubulin&fromPage=plp, respectively).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T (ACC), Primary cortical neurons from rat embryos
Authentication No separate authentication beyond that provided with source.
Mycoplasma contamination Cells test negative for mycoplasma.
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Commonly misidentified lines  None.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Adult female C57BL/6 mice (Jackson Laboratory) 4-8 weeks old were used.
Wild animals N/A
Reporting on sex Sex was not considered in the study design. Only female mice were used.

Field-collected samples  N/A

Ethics oversight Administrative Panel on Laboratory Animal Care of Stanford University (Protocol #30183)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A






