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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

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

|X| 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

|X| 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.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

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)

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.

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
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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 Simulation code can be found at: https://github.com/andrewruba/YangLab.

Data analysis Simulation code can be found at: https://github.com/andrewruba/YanglLab.

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/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research 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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All raw data for figures and tables in the manuscript or the supplementary materials is available upon requests. Simulation source code has been provided at:
https://github.com/andrewruba/YanglLab.

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.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences
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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 At least 1,000 single-molecule locations for transiting molecules were collected from up to 10 different cells. The sufficiency for the sample
size has been verified by Monte Carlo simulations.

Data exclusions  To obtain reliable 3D structures by SPEED microscopy, we used single-molecule localization precision to filter the raw data. Only single
molecule with a precision <10 nm were used in our analyses.

Replication To ensure a high reproducibility of 3D spatial probability density maps obtained for each membrane protein candidate, extensive
measurements were conducted by combining experimental data and computational simulation.

Randomization  Single-molecule locations were selected randomly and purely based on their localization precision.
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Blinding Yes, we were blinded to group allocation during data collection.

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
IZI Antibodies |:| IXI ChlP-seq
IZI Eukaryotic cell lines IZI |:| Flow cytometry
|:| Palaeontology IZI |:| MRI-based neuroimaging

|:| Animals and other organisms

D Human research participants

XNXXXOOs

D Clinical data
Antibodies
Antibodies used Cells were injected with either WGA (ThermoFisher, W32466, at 1.33 uM) or anti-gp210 (Novus Biologicals, NB100-93336, at
1.33 uM) and incubated for 30 min at 37°C in transport buffer before imaging.
Validation Purified bacterial N-terminal fusion protein and Specificity Recognizes rat & xenopus gp210. This product is for research use only

and is not approved for use in humans or in clinical diagnosis. Primary Antibodies are guaranteed for 1 year from date of receipt.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Wild-type Hela (ATCC) and stably transfected Hela cell lines containing mCherry tagged PoM121 proteins were grown in
DMEM, high glucose, GlutaMAX Supplement (Life Technologies), 10% fetal bovine serum (Fischer Scientific), 1% penicillin-
streptomycin (Thermo Fischer). Cells were transfected by electroporation (Bio-Rad GenePulser Xcell) following the
manufacturer’s protocol.

Authentication Obtaining and using low-passage cell lines from ATCC after following the standard authentication procedure.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines Al cell lines tested negative for mycoplasma contamination
(See ICLAC register)

ChlIP-seq

Data deposition
|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|X| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.




Data access links

May remain private before publication.

Files in database submission

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

https://github.com/andrewruba/YangLab.

https://github.com/andrewruba/YangLab.

N/A

To ensure a high reproducibility of 3D spatial probability density maps obtained for each membrane protein candidate,
extensive measurements were conducted by combining experimental data and computational simulation.

N/A
anti-gp210 (Novus Biologicals, NB100-93336)
N/A

Route localization precision

To ensure a high reproducibility of 3D spatial probability density maps obtained for each membrane protein candidate,
extensive measurements were conducted by combining experimental data and computational simulation. It is important to
note that route localization precisions are different from single-molecule localization precision. In detail, the route
localization precision is determined by two parameters: one is the number of single-molecule locations and the other is
single-molecule localization precision. As shown in Figure S10, simulated data was used to estimate the minimum number of
single-molecule localizations required to generate a reliable 3D probability density map for routes of 25 nm (central channel
transport) or 40 nm (peripheral channel transport) radial distances. A single-molecule localization precision of 10 nm was
used to reflect the precision of our experimentally collected data. We used three different sample sizes (100, 200, and 500
points) and converted the 2D data to 3D by using our transformation algorithm. Peak positions were fitted for data
generated from each of the three sample sizes. 100 fits were used to determine the peak position and the standard
deviation is used for the route localization precision. Simulation code can be found at: https://github.com/andrewruba/
YanglLab.

https://github.com/andrewruba/YanglLab.
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