UNIVERSITY OF LEEDS

This is a repository copy of Molecular Insights into How the Motions of the 3-Barrel and
POTRA Domains of BamA Are Coupled for Efficient Function.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/230991/

Version: Supplemental Material

Article:

Csoma, N., Machin, J.M., Whitehouse, J.M. et al. (10 more authors) (Accepted: 2025)
Molecular Insights into How the Motions of the 3-Barrel and POTRA Domains of BamA Are
Coupled for Efficient Function. Nature Communications. ISSN: 2041-1723 (In Press)

This is an author produced version of an article accepted for publication in , made
available under the terms of the Creative Commons Attribution License (CC BY), which
permits unrestricted use, distribution and reproduction in any medium, provided the
original work is properly cited.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

| university consortium eprints@whiterose.ac.uk
WA Universities of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/id/eprint/230991/
https://eprints.whiterose.ac.uk/

Supplementary Information

Molecular Insights into How the Motions of the 3-Barrel and POTRA Domains of BamA Are
Coupled for Efficient Function

Naemi Csoma’?*, Jonathan M. Machin®®, James M. Whitehouse®*, Raquel Rodriguez-
Alonso'?, Monika Olejnik3, Adam K. Cahill?, Seung-Hyun Cho?, Till F. Schiberle*>*,
Bogdan I. lorga®’, Neil A. Ranson?, Sheena E. Radford3*, Antonio N. Calabrese3*, Jean-

Frangois Collet2*

WELBIO department, WEL Research Institute, avenue Pasteur, 6, 1300 Wavre, Belgium
2de Duve Institute, Université catholique de Louvain (UCLouvain), Avenue Hippocrate 75,
1200 Brussels, Belgium

3Astbury Centre for Structural Molecular Biology, School of Molecular and Cellular Biology,
Faculty of Biological Sciences, University of Leeds, Leeds, UK

4Institute for Insect Biotechnology, Justus-Liebig-University Giessen, 35392 Giessen,
Germany

>German Center for Infection Research (DZIF), Partner Site Giessen-Marburg-Langen, 35392
Giessen, Germany

®Branch for Bioresources, Fraunhofer Institute for Molecular Biology and Applied Ecology
(IME), 35392 Giessen, Germany

’Université Paris-Saclay, Institut de Chimie des Substances Naturelles, Gif-sur-Yvette, France

S These authors contributed equally

*Correspondence: s.e.radford@leeds.ac.uk (S.E.R), a.calabrese@leeds.ac.uk (A.N.C),
jfcollet@uclouvain.be (J.-F.C.)



mailto:s.e.radford@leeds.ac.uk
mailto:a.calabrese@leeds.ac.uk
mailto:jfcollet@uclouvain.be

Supplementary Table 1 | Folding yields for tOmpA and OmpX after 3 hours or 24 hours for

different BAM variants

Folding yield data are reported as the mean of two biological replicates. The range of values

covered by the replicates is also reported.

Variant Time tOmpA OmpX
(hours) | Folding yield after | Range | Folding yield after | Range
3 or 24 hours (%) (%) 3 or 24 hours (%) (%)

BAMwr 3 96% 1% 84% 18%
BAM _vpr 3 54% 0% 30% 7%
BAMgsas 3 75% 1% 28% 0%
BAMwr 24 100% 0% 93% 3%
BAM\vpr 24 70% 21% 74% 14%
BAMgsas 24 90% 7% 79% 1%




Supplementary Table 2 | Initial folding rates for tOmpA and OmpX at 25 °C for each BAM variant
OMP substrates were folded into E. coli polar lipid proteoliposomes in TBS pH 8.0 at 25 °C in the presence of the various BAM variants. Each

experiment was repeated at least once, as stated to confirm reproducibility (note that more replicates were included for WT BAM as this

construct was included as a control when each variant was assayed.) Initial rates were calculated independently for each replicate with the range
of values (maximum — minimum) shown to highlight reproducibility. The initial rates presented show the average of (n) repeat experiments.

Initial rates as a percentage of the WT BAM initial rate are also shown for each variant.

Variant tOmpA
Initial rate Range (s) Number of Rel. to WT Initial rate Range (s) Number of Rel. to WT
(s?) replicates (n) BAM (%) (s1) replicates (n) BAM (%)
WT BAM 7.12x10* 5.81x10° 4 100 2.20x 10 1.24x 10* 100
BAM_vpr 9.79 x 10 2.28 x 10 2 14 4.15x 10 3.31x10° 19
BAMgsas 1.85x 10 3.26 x 10 2 26 4.02 x 10 4.94 x10°® 18



Supplementary Table 3 | Folding yields for tOmpA and OmpX 24 hours in presence of

darobactin

Folding yield data are reported as the mean of two biological replicates. The range of values

covered by the replicates is also reported.

Variant tOmpA OmpX
Folding yield after | Range (%) | Folding yield after | Range (%)
24 hours (%) 24 hours (%)

BAM + DMSO 99% 1% - -

BAM 100% 0% 100% 0%

BAM + DarB 63% 1% 5% 7%
BAM1434n 100% 0% 100% 0%
BAMqa3an + DarB 80% 0% 37% 1%




Supplementary Table 4 | Strains used in this study

Strains Genotype and description Source

BL21 (DE3) F- ompT hsdSB (rB- mB-) gal Novagen
dcm (DE3)

DH300 rprA-lacZ MG1655 (argF-lac) 1
U169

CAG45114 MG1655 AlacX74 Fl(rpoHP3- 2
LacZ)

SEN1603 DH300 bamA::kan with pBamA | 3

SEN1722 DH300 bamA::kan with 3
pBamA.ver

NCAs580 CAG45114 bamA::kan with This study
pBamA

NCAs584 CAG45114 bamA::kan with This study
pBamAra3aa

NCAs595 CAG45114 bamA::kan with This study
pBamAagsas

NCAs596 CAG45114 bamA::kan with This study
pBamALypr=

NCAs597 CAG45114 bamA::kan with This study
pBamALver

JMWO01 BL21 with pJH114 This study

JMWO02 BL21 with pNCA161 This study

JMWO03 BL21 with pNCA162 This study

JIMWO04 BL21 with pRRA3 This study




Supplementary Table 5 | Plasmids used in this study

Plasmids

Features

Source

pBamA

pET23a with BamAss-6xHis-

2xAla-BamA ¢y, ws10), Ampicillin

4

pBamALver

pBamA (BamA with the
insertion of a LVPR sequence
at position 424)

pBamAasas

pBamA (BamA with the
insertion of a GSGS sequence
at position 424)

This study

pBamALypr=

pBamA (BamA with the
insertion of an LVPR sequence
at position 424 and the
substitution of threonine with
alanine at position 434)

This study

pBamAra3aa

pBamA (BamA with the
substitution of threonine with
alanine at position 434)

This study

pJH114

pTrc99 (BamA-BamB-BamcC-
BamD-BamE- 8xHis)

pNCA161

pJH114 but with modifications:
T434A point mutation

This study

pNCA162

pJH114 but with modifications:
BamA with the insertion of
LVPR sequence at position 424

This study

PRRA3

pJH114 but with modifications:
BamA with the insertion of
GSGS sequence at position 424

This study




Supplementary Table 6 | Primers used in this study

Name Sequence (5’ to 3’)

BamA hinge F GTAAAAGAGCGCAACACCCTGGTGCCGCGCGGTAGC
TTCAACTTTGGT

BamA hinge R | ACCAAAGTTGAAGCTACCGCGCGGCACCAGGGTGTT
GCGCTCTTTTAC

RRA93-bamA CACCGGGTCTGGGTCTGGTAGCTTCAAC

GSGS-F

RRA94-bamA ACCAGACCCAGACCCGGTGTTGCGCTC

GSGS-R

RRA97- ACGTAATTTAACGGCTTTGTCGGCATCGTTAATTTCGGG

BamAT434A-F

RRA98- CCCGAAATTAACGATGCCGACAAAGCCGTTAAATTACGT

BamAT434A-R




Supplementary Data 1 | Diverse dataset of 3992 complete RefSeq bacterial genomes with
phylogenetic details

Attached Excel Sheet

Supplementary Data 2 | Correspondence between RefSeq and UniProt accessions for
BamA from different species, with the list of corresponding AlphaFold2 predicted structure
s

Attached Excel Sheet



Supplementary Table 7| Molecular Dynamics Checklist

Reliability and reproducibility checklist for
molecular dynamics simulations

*All boxes must be marked YES by
acceptance unless “Response not needed if
No”.

Yes

No

Response

1. Convergence of simulations and analysis

la. Is an evaluation presented in the text to
show that the property being measured has
equilibrated in the simulations

(e.g. time-course analysis)?

The distribution is the same in the three
replica simulations, as shown in Figure 1g.

1b. Then, is it described in the text how
simulations are split into equilibration and
production runs and how much data were
analyzed from production runs?

“Methods”/“Molecular
simulations”

Section dynamics

lc. Are there at least 3 simulations per
simulation condition with statistical analysis?

“Methods”/“Molecular
simulations” and Figure 1g.

Section dynamics

1d. Is evidence provided in the text that the
simulation results presented are independent
of initial configuration?

Different seed values were used during the
preparation of the simulations, so they are
independent.

2. Connection to experiments

2a. Are calculations provided that can connect
to experiments (e.g. loss or gain in function
NMR
chemical shifts, J-couplings, SAXS curves,
FRET distances,
structure factors, diffusion coefficients, bulk

from mutagenesis, binding assays,
interaction distances or

modulus and other mechanical properties,
etc.)?

The distribution of dihedral angles values
obtained from the simulations are coherent
with
systems.

those expected for polypeptide

3. Method choice

3a. Do simulations contain membranes,
membrane proteins, intrinsically disordered
proteins, glycans, nucleic acids, polymers, or
cryptic ligand binding?

3b. Is it described in the text whether the
accuracy of the chosen model(s) is sufficient
to address the question(s) under investigation
(e.g. all-atom vs. coarse-grained models, fixed
charge vs. polarizable force fields, implicit vs.
explicit solvent or membrane, force field and
water model, etc.)?

The simulations are performed using state-
of-the-art software, models and parameters.

3c. Is the timescale of the event(s) under
investigation beyond the brute-force MD
in this study that
enhanced sampling methods are needed?

simulation timescale




If YES, are the parameters and O O
convergence criteria for the enhanced
sampling method clearly stated?
If NO, is the evidence provided in the O The distribution is the same in the three
text? replica simulations, as shown in Figure 1g.
4. Code and reproducibility
4a. Is a table provided describing the system O | This information is not provided as a table
setup that includes simulation  box but the simulations files were deposited in a
dimensions, total number of atoms, total Fhutkt)lic ;j’p.ct’:tgry /I Lab/BamAset
mber o6 vater ok, i e T
concentration, lipid composition (number of 6,
molecules and type)?
4b. s it described in the text what simulation [0 | Section “Methods”/“Molecular dynamics
and analysis software and which versions are simulations”
used?
4c. Are other parameters for the system setup [0 | Section “Methods”/“Molecular dynamics
described in the text, such as protonation simulations”
state, type of structural restraints if applied,
nonbonded cutoff, thermostat and barostat,
etc.?
4d. Are initial coordinate and simulation input O | The simulations files were deposited in a
files and a coordinate file of the final output public repository
provided as supplementary files or in a public [https://github.com/lorgalab/BamAset ,
repository? , https://doi.org/10.5281/zen0do.13986908]
6
4e. Is there custom code or custom force field O
parameters?
If YES, are they provided as O O

supplementary files or in a public

repository?



https://github.com/IorgaLab/BamAset
https://doi.org/10.5281/zenodo.13986908
https://github.com/IorgaLab/BamAset
https://doi.org/10.5281/zenodo.13986908

Supplementary Table 8 | CryoEM data collection, refinement, validation and model

building statistics.

BAM\vpr
(EMD-51930)
(PDB ID 9H84)

BAMgsas
(EMD-51931)
(PDB ID 9H85)

BAM_vpr-
T434A
(EMD-51933)
(PDB ID 9H89)

Data collection and
processing
Magnification
Voltage (kV)
Electron exposure (e—/A?)
Defocus range (um)
Pixel size (A)
Micrograph number
Symmetry imposed
Initial particle images
(no.)
Final particle images (no.)
Map resolution (A)

0.143 FSC threshold
Map resolution range (A)

Refinement

Initial model used (PDB

code)

Map sharpening B factor

(A?)

Model composition
Non-hydrogen atoms
Protein residues

R.M.S. deviations
Bond lengths (A)
Bond angles (°)

Validation
MolProbity score
Clashscore
Poor rotamers (%)

Ramachandran plot
Favored (%)

Allowed (%)
Outliers (%)

96k

300

35.7
-09to-3.0
0.83

1850

Cc1

421, 707

127, 056
4.3

3.9-11.5

8BWC/5D00

-147

11496
1472

0.004
0.985

1.91
11.97
0.16

95.42
4.44
0.14

130k

300

40.0
-09to-3.0
0.87

7813

Cc1

975, 473

75,557
4.2

4.0-7.5

BAM\vpr

-60

11501

1474

0.006
1.068

1.42
2.79

94.95
4.98
0.07

130k

300

39.8
-09to-3.0
0.91

1504

Cc1

164, 998

62, 266
4.0

3.7-10.6

BAM\vpr

-10

11494

1472

0.002
0.603

1.76
10.02
0.16

96.37
3.63




Supplementary Table 9| HDX Data Summary TableS
D = standard deviation, Cl = confidence interval.

Data Set

BAM

BAIVILVPR

BA'VIT434A

HDX reaction

10 mM potassium phosphate, pH 8.0, 0.02% n-dodecyl-3-d-

details Maltoside (DDM)
HDX tlm? 0.5, 2, 30 min
course (min)
HDX trol
contro Maximally-labelled controls were not performed.
samples
Back-exchange ~40 %
BamA: 170 BamA: 170 BamA: 170
BamB: 55 BamB: 55 BamB: 55
# of Peptides BamC: 51 BamC: 51 BamC: 51
BamD: 31 BamD: 31 BamD: 31
BamkE:4 BamkE:4 BamkE:4

Sequence coverage

BamA: 80.0 %
BamB: 75.3 %
BamC 87.5%
BamD:71.2%
BamE: 54.2 %

BamA: 80.0 %
BamB: 75.3 %
BamC 87.5 %
BamD:71.2%
BamE: 54.2 %

BamA: 80.0 %
BamB: 75.3 %
BamC 87.5%
BamD:71.2%
BamE: 54.2 %

Average peptide

BamA: 10.66 / 2.87
BamB: 11.16 / 2.19

BamA: 10.66 / 2.87
BamB: 11.16 / 2.19

BamA: 10.66 / 2.87
BamB: 11.16 / 2.19

differences in HDX
(delta HDX > X D)

length / BamC:12.04/2.19 BamC:12.04/2.19 BamC:12.04/2.19
Redundancy BamD:9.39/1.81 BamD:9.39/1.81 BamD:9.39/1.81
BamE: 14.50/1.12 BameE:14.50/1.12 BamkE:14.50/1.12
Replicates 3 (technical) 3 (technical) 3 (technical)
BamA: 0.0752 BamA: 0.0643 BamA: 0.0734
Repeatabilit BamB: 0.0705 BamB: 0.0480 BamB: 0.0610
(a‘f’era . SD;’ BamC: 0.0809 BamC: 0.0756 BamC: 0.0810
& BamD: 0.0714 BamD: 0.0594 BamD: 0.0790
BamE: 0.1016 BamE: 0.0742 BamE: 0.0886
Significant Hybrid significance test: 95 % Cl, p < 0.05

See Supplementary Figures 10-14 for delta HDX values for each

comparison.
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Supplementary Figure 1

Rigidifying the hinge region of BamA is deleterious to BAM function

a and b BamA.ver impairs OMP folding leading to activation of the SigmaE response, while
BamAgsss has no effect on BAM function at 30 °C in minimal medium suggesting that the
rigidity of the LVPR insertion causes the defects observed. Cells were grown in M9 minimal
medium at 30 °C until mid-log phase. a Western blot analysis of trichloroacetic acid (TCA)
precipitates of annotated cells. Nitrocellulose membranes were probed with primary
antibody targeted against proteins mentioned on the right. Samples were normalized by the
ODeoo of their cultures. Representative data of three biological replicates. b SigmakE activity
measured by 3-galactosidase assay was reported using the transcriptional rpoHP3'-lacZ fusion
on the chromosome. Error bars represent standard error of the mean (n=3 biological
replicates). P-values were evaluated by a mixed model, with random plate effect, and multiple
comparisons with adjustment by the Dunnet method (****p<0.0001, ns: non-significant).
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Supplementary Figure 2

Additional structural comparisons of BAM.ypr/BAMgsas to published BAM structures

a Comparison between BamA of canonical inward-open and outward-open and BAMgsgs, only
the transmembrane domain and POTRAS are shown for clarity. b Comparison between the
transmembrane domains of BAMyvpr, BAMases and BAM-WT outward-open, showing lateral-
gate closure. ¢ Comparison between a nanodisc BAM-WT structure, which also shows lateral-
gate closure and periplasmic domains in the inward-open conformation (6LYU), and canonical
inward-open and outward-open structures. Only the transmembrane domain and POTRA5S
are shown for clarity. d Comparison between BAMyypr, BAMgscs and 6LYU transmembrane
barrel domains. e Comparison of extracellular loop 3 (eL3) in inward-open and outward-open
conformations, demonstrating the ordering and folding inwards of the loop as the barrel
closes in the inward-open conformation ($1-4 and eL1-2 not shown for clarity). f Comparison
of BAM_rver and BAMgsgs with 6LYU, demonstrating the inward-open like conformation of elL3
in BAMLyvpr/cses but not in 6LYU. PDBs: 8BWC’ (outward-open), 50008 (inward-open), 6LYU®.
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d BAMgses
BAM,
Outward-open

el1

BAMGSGS

BAM
Outward-
open

The hinge region is poorly resolved in all cryoEM models

Density for the hinge region showing its poorly resolved nature for a BAMypr, b BAMgsgs and
¢ BAMyver*. Only BamA shown for clarity. Even at low contour, there is minimal density for
the hinge region, indicating high levels of disorder in this region. Linker regions were flexibly
fitted into the available density and energy minimized, but do not show a definitive path. d
Base and e top of the barrel at the 3-seam region comparing the density for the BAMgsss map
to the fitted model and the outward-open structure. At low map contour, red arrows in d
indicate evidence of a more outward-open like conformation at the base of the barrel, but
not at the top of the barrel e.
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Supplementary Figure 4

CryoEM processing workflow for BAMyyer

a Micrographs were picked using crYOLO’s general model, and the resulting protein-like 2D
classes b were used to train a crYOLO model, yielding a higher and cleaner particle count c.
Initial model generation d and 3D classifications e yielded as expected lower resolution
models. 3D refinement followed by 4x rounds of polishing improved the final model to a
global resolution of 4.3 A f-g, and local resolution estimates shown in h. | The FSC curves of
the model and j the particle orientation distribution (generated in cryoSPARC).
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Supplementary Figure 5

CryoEM processing workflow for BAMgsas

a Micrographs were picked using crYOLO’s general model, and particles contributing to the
resulting BAM-like first-pass 3D class c-b were used to train a crYOLO model, yielding a higher
and cleaner particle count d. 3D classifications e and cryoSPARC ab initio model generation f
further cleaned up the particle stack. Three iterations of Non-Uniform refinements and
particle polishing improved the final model to a global resolution of 4.2 A g-h, and local
resolution estimates shown in i. j The FSC curves of the model and k the particle orientation
distribution (generated in cryoSPARC).
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Supplementary Figure 6

CryoEM processing workflow for BAM_vpr*

a Micrographs were picked using crYOLO’s general model, and particles contributing to a
BAM-like initial model b were used to train a crYOLO model, yielding a higher and cleaner
particle count c. 3D classifications d further cleaned up the particle stack. Two iterations of
Non-Uniform refinements and particle polishing improved the final model to a global
resolution of 4.0 A e-f, and local resolution estimates shown in g. h The FSC curves of the
model and i the particle orientation distribution (generated in cryoSPARC).
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Supplementary Figure 7

BAM

BAMT434A

BAM + Darobactin B
BAM,,,,, + Darobactin B

The BamA T434A mutation decreases the effect of darobactin B on the folding activity of

BAM in an in vitro folding assay

Quantification of the folded fraction of OmpX against time, from the SDS-PAGE band-shift
assay. Data markers represent the folded fraction values calculated from two repeat
measurements and dashed lines represent the single exponential fit to the data.
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Supplementary Figure 8

Cells expressing BamAra3sa have minimal outer membrane defects

Volcano plot showing the difference in protein expression levels between cells expressing WT
BamA or BamAms3sa. Volcano plot shows data for detected proteins with GO terms associated
with the periplasm, outer membrane or peptidoglycan layer. OMPs are labelled in red and
periplasmic chaperones and stress-related proteins are labelled in blue. The proteins found
in the dotted boxed area are listed on the right hand side of the figure. The expression levels
of most detected OMPs do not change (apart from increased levels of OmpX and MipA in the
strain expressing BamAmasaa). Statistical significance was determined using Persueus (see
Methods).
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Supplementary Figure 9
Coverage maps of BAM subunits in HDX-MS experiments

The thick bar represents sequence coverage over each protein sequence, with regions shaded

in orange or grey indicating regions that were covered or not covered by detected peptides,
respectively. Small orange bars represent the individual peptides detected.
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Supplementary Figure 10

HDX-MS data for BamA
Woods plots showing the differences in deuterium uptake in BamA subunits at three HDX timepoints (0.5, 2, 30 min), comparing BAM with either

BAM.ver (top row) or BAMra344 (bottom row). Woods plots were generated using Deuteros 2.0%°. Peptides coloured in blue or red are protected
or deprotected, respectively, from exchange in the BAM variant. Peptides with no significant difference between conditions, determined using

a 95% confidence interval (dotted line), are shown in grey.
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Supplementary Figure 11

HDX-MS data for BamB
Woods plots showing the differences in deuterium uptake in BamB subunits at three HDX timepoints (0.5, 2, 30 min), comparing BAM with either

BAM.ver (top row) or BAMra344 (bottom row). Woods plots were generated using Deuteros 2.0%°. Peptides coloured in blue or red are protected
or deprotected, respectively, from exchange in the BAM variant. Peptides with no significant difference between conditions, determined using

a 95% confidence interval (dotted line), are shown in grey.
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Supplementary Figure 12

HDX-MS data for BamC
Woods plots showing the differences in deuterium uptake in BamC subunits at three HDX timepoints (0.5, 2, 30 min), comparing BAM with either

BAM.ver (top row) or BAMra344 (bottom row). Woods plots were generated using Deuteros 2.0%°. Peptides coloured in blue or red are protected
or deprotected, respectively, from exchange in the BAM variant. Peptides with no significant difference between conditions, determined using

a 95% confidence interval (dotted line), are shown in grey.
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Supplementary Figure 13

HDX-MS data for BamD
Woods plots showing the differences in deuterium uptake in BamD subunits at three HDX timepoints (0.5, 2, 30 min), comparing BAM with either

BAM.ver (top row) or BAMra344 (bottom row). Woods plots were generated using Deuteros 2.0%. Peptides coloured in blue or red are protected
or deprotected, respectively, from exchange in the BAM variant. Peptides with no significant difference between conditions, determined using

a 95% confidence interval (dotted line), are shown in grey.
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Supplementary Figure 14

HDX-MS data for BamE
Woods plots showing the differences in deuterium uptake in BamA subunits at three HDX timepoints (0.5, 2, 30 min), comparing BAM with either

BAM.ver (top row) or BAMra344 (bottom row). Woods plots were generated using Deuteros 2.0%°. Peptides coloured in blue or red are protected
or deprotected, respectively, from exchange in the BAM variant. Peptides with no significant difference between conditions, determined using

a 95% confidence interval (dotted line), are shown in grey.
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