











Extended Data Table 2 | Data collection and refinement statistics for cryo-EM structure of uncrosslinked LetAB, Related to Fig. 1

Data collection

Uncrosslinked Uncrosslinked LetAB, Uncrosslinked LetAB, Uncrosslinked

and processing LetAB Map 2a Map 2b LetAB, Map 2c
EMD ID EMD-49152 EMD-49149 EMD-49150 EMD-49151
EMPIAR ID 13079 13079 13079 13079
Microscope Krios G3 Krios G3 Krios G3 Krios G3
(NYSBC Krios #1) (NYSBC Krios #1) (NYSBC Krios #1) (NYSBC Krios #1)
Voltage (kEV) 300 300 300 300
Camera K3 K3 K3 K3
Energy filter BioContinuum BioContinuum BioContinuum BioContinuum
Magnification 81000x 81000x 81000x 81000x
Nominal Pixel size
(A/pixel) 1.083 1.083 1.083 1.083
Total electron
exposure (e-/A?) 51 51 51 51
Exposure time (s) 2 2 2 2
Number of frames
(no.) 40 40 40 40
Defocus range (um) -2to-5 -2to-5 -2to-5 -2to-5
Estimated defocus
range (Um) -1.3t0-3.6 -1.3t0-3.6 -1.3t0-3.6 -1.3t0-3.6
Automation
software Leginon Leginon Leginon Leginon
No. of micrographs
at 0° tilt 5372 5372 5372 5372
No. of micrographs
at -30° tilt 7083 7083 7083 7083
Number of particles N/A 190823 163281 243255
Resolution (A,
FSC=0.143) ~2.9-5 3.37 2.85 2.99
Map sharpening
B-factors (A?) N/A -10 -10 -10
Sphericity from
3DFSC N/A 0.981 0.979 0.982
Symmetry C1 C1 C1 C1
Box size (px) 360 256 360 256
Model statistics Composite Model in Map 2
EMD ID EMD-49152
PDB ID 9N8X
Initial model Crosslinked LetAB model
Model composition
Chains 9
Non-hydrogen
atoms 41543
Protein residues 5441
Ligands 1 PEF/2 zinc
Mean B-factor (A?)
Protein 105
Ligand 97
R.M.S. deviations
rmsd (bonds) 0.002
rmsd (angles) 0.543
Validation
EMRinger score 2.32
MolProbity score 1.46
Clashscore, all
atoms 3.86
Rotamer outliers
(%) 1.18
CaBLAM outliers
(%) 3.32
CpB outliers (%) 0
FSC (Model-map)
(A, FSC=0.5) 3.2
Ramachandran
plot (%):
Favored 96.49
Allowed 3.43
Outliers 0.07
Rama-Z
whole -0.93
helix -0.85
sheet 0.19
loop -1.02
Map CC (mask) 0.71
Map CC (box) 0.78
Map CC (peaks) 0.62
Map CC (volume) 0.70
Map CC for ligands 0.75

For access to PDB and map files see Data Availability.
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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  SerialEM v4, Leginon v3.5

Data analysis Sequencing data were analyzed using python scripts available here: https://github.com/MaxabHaase/LetA. AlphaFold2 Multimer v3, CASTp
v3.0, ChimeraX vl.4, COOT v0.8.9.2, cryoSPARC version 3.3.1-4.3.0, RELION versions 3.1.0 and 4.0-beta, EMRinger vl, FoldSeek v2-8bd520,
Graph Pad Prism v9.3.1, Image)2 v2.14.0/1.54f, Jalview v2.11.4.1, MUSCLE v3.8.31, MolProbity v4.5, PHENIX vI.21.2, 3DFSC v1, Skyline v23.1.0,
MS-DIAL v5.3, PROPKA 3

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.
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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

The cryo-EM coordinates and associated maps for the crosslinked LetAB complex have been deposited at the Electron Microscopy Data Bank (PDB code 9N8W) and
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the Electron Microscopy Data Bank (Map 1: EMD-49148, Map 1a: EMD-49145, Map 1b: EMD-49146, Map 1c: EMD-49147). The cryo-EM coordinates and associated
maps for the uncrosslinked LetAB complex have been deposited in the Protein Data Bank (PDB code: 9N8X) and Electron Microscopy Data Bank (Map 2:
EMD-49152, Map 2a: EMD-49149, Map 2b: EMD-49150, Map 2c: EMD-49151). The coordinates of the atomic models have been deposited at the PDB under the
following accession codes: 9IN8W (Map 1), 9N8X (Map 2). Cryo-EM data were deposited to the Electron Microscopy Public Image Archive under accession IDs 13075
(crosslinked dataset) and 13079 (uncrosslinked dataset). Raw sequencing reads were deposited to the Sequence Read Archive under BioProject ID: PRINA1221345
(accessions SAMN46739294-301). Processed variant counts and fitness scores were deposited to MaveDB under experiment urn:mavedb:00001252-a. Files related
to molecular dynamic simulations are available at Zenodo: https://zenodo.org/records/17343432. The lipidomics mass spectrometry files are available at MassIVE
under dataset identifier MSV000096297. Uncropped images from Western blots and SDS-PAGE gels shown are provided in Supplementary Figure 1.
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Reporting on sex and gender N/A
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other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A
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Life sciences study design

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

Sample size Cryo-EM sample size was chosen as a maximum possible with practical limitation for data collection and processing. Except for the deep
mutational scanning (DMS) experiments, we performed 3 independent replicates based on the standard practices in the field. For DMS, we
performed 2 independent replicates starting from the sub-libraries, which balanced sequencing costs and the need to assess reproducibility
between experiments. For the 2-us equilibrium molecular dynamics simulations, three independent replicas were performed for each
condition. For the non-equilibrium molecular dynamics simulations, given their size, complexity, and computational cost, only one simulation
per condition was conducted for each pulling protocol. For lipidomics samples, three biological replicates of purified protein were prepared
with controls for whole membrane extracts and buffer blanks, yielding nine total samples. Each of these were injected three times, yielding
nine data sets for each condition and 27 total. Blank injections had very little lipid and were not included in statistical analysis.

Data exclusions  Particles from EM datasets were excluded during 2D and 3D classifications by removing classes with poor alignment and/or no high-resolution
features (pre-established criterion), which is standard in the EM field. For expression tests, pull-downs, crosslinking, lipidomics experiments
and complementation assays, no data were excluded. For deep mutational scanning experiments, reads were only discarded if they were low
quality or contained more than one mutation. Reads with a MAPQ score of 42 or higher were kept.

Replication All attempts of replication were successful. Two biological replicates were performed for deep mutational scanning experiments. Three
independent replicates, starting with three different colonies, were obtained for the cell-based assays, including complementation,
expression, pull-down and crosslinking assays. For the lipidomics experiments, protein samples from three independent purifications (starting
from protein expression), each with three technical replicates, were submitted for mass spectrometry analysis. See figure legends and
methods for details. High-resolution cryo-EM structure determination was performed once per condition.

Randomization  Particles images were randomly assigned into odd/even groups for resolution assessment (gold-standard FSC). For all other experiments,
randomization was not required because the experiments did not involve allocating discrete samples to experimental groups. Lipidomics
samples were randomized for analysis. Technical replicates were injected in a block.

Blinding Blinding is not needed for cryo-EM analysis due to the automated handling of the data. Lipidomics sample identities were blinded for data

collection and analysis, and they were unblinded for statistical analysis. For the remaining experiments, investigators were not blinded
because knowledge of the sample does not impact the measurement of the data.
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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 |Z |:| ChlIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Antibodies

Antibodies used anti-LetA monoclonal antibodies were generated in this study. anti-LetB and anti-BamA antibodies are gifts from the lab of lan R
Henderson at the University of Cambridge. To probe His- and Strep-tagged proteins, penta-His (Qiagen #34660) and Strep Tag
monoclonal (GT661, Thermo Fisher cat# MA5-17283) antibodies were purchased. The following secondary antibodies were used:
Goat anti-rat IgG IRDye® 680RD (LI-COR Biosciences, Catalog #926-68076, 1:5000 dilution), Goat anti-rat IgG IRDye® 800CW (LI-COR
Biosciences, Catalog #926-32219, 1:10000 dilution), Goat anti-rabbit IgG IRDye® 680CW (LI-COR Biosciences, Catalog #926-68071,
1:10000 dilution), Goat anti-mouse 1gG IRDye® 680CW (LI-COR Biosciences, Catalog # 926-68070, 1:5000 dilution), and Goat anti-
rabbit IgG IRDye® 800CW (LI-COR Biosciences, Catalog #925-32211, 1:10000 dilution) .

Validation The custom LetA antibodies from Cold Spring Harbor Laboratory were validated by Western blot. Lysates from ApgiAB, AletAB, and
ApqiAB AletAB E. coli strains were run on an SDS-PAGE gel, transferred to a nitrocellulose membrane and incubated with anti-LetA
antibody (either clone 45 or clone 72). For clone 45, signal for LetA was detected in the ApgiAB sample (Extended Data Fig. 4f).
Minimal signal was detected in the AletAB sample, suggesting possible weak cross-reactivity with pgiA. Consistent with this
interpretation, no signal for LetA or PgiA was detected in the ApqgiAB AletAB sample. For clone 72, signal for LetA was detected in the
ApqiAB sample, but not in the AletAB sample or ApqiAB AletAB samples, suggesting this clone is specific to LetA (Extended Data Figs.
6e,h,j).

The custom LetB antibody gifted by lan Henderson's lab was validated by Western blot. Lysates from ApgiAB, AletAB, and ApgiAB
AletAB E. coli strains were run on an SDS-PAGE gel, transferred to a nitrocellulose membrane and incubated with anti-LetB antibody.
Signal for LetB was detected in the ApgiAB sample, but not in the AletAB sample or ApqiAB AletAB samples, suggesting this antibody
is specific to LetB (Extended Data 7k).

The custom BamA antibody gifted by lan Henderson's lab was validated by Western blot. BamA is essential, so a knockout strain
could not be used to validate the antibody. Lysates from E. coli strains were run on an SDS-PAGE gel, transferred to a nitrocellulose
membrane and incubated with anti-BamA antibody. Blots show a single band that migrates at the expected size for BamA (90 kDa)
(Extended Data Figs. 6e,h,j).

Many different proteins have been detected, via their His tags, using the mouse Penta-His antibody (Qiagen cat#34660). See the
following link for supporting data: https://www.giagen.com/us/products/discovery-and-translational-research/protein-purification/
tagged-protein-expression-purification-detection/anti-his-antibodies-bsa-free. For the sensitivity of the Penta-His antibody in
detecting a panel of His-tagged proteins, see the figure "Sensitivity of anti-His antibodies".

Strep-tagged proteins were probed using the Strep Tag monoclonal antibody (Clone GT661, Thermo Fisher cat# MA5-17283). This

antibody has been validated for Western Blotting in whole cell extracts. See the following link for supporting data: https://
www.thermofisher.com/antibody/product/Strep-Tag-Antibody-clone-GT661-Monoclonal/MA5-17283

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 Sprague Dawley 6-week old rats (Taconics)
Wild animals No wild animals were used in this study.
Reporting on sex For the purposes of antibody production, only female rats were used in this study.

Field-collected samples  No field-collected samples were used in this study.

Ethics oversight Cold Spring Harbor Laboratory Institutional Animal Care and Use Committee (IACUC)

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