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Membrane transport proteins translocate diverse cargos, ranging from small sugars
to entire proteins, across cellular membranes'. A few structurally distinct protein
families have been described that account for most of the known membrane transport
processes*®. However, many membrane proteins with predicted transporter functions
remain uncharacterized. Here we determined the structure of Escherichia coliLetAB, a
phospholipid transporter involved in outer membrane integrity, and found that LetA
adoptsadistinctarchitecture thatis structurally and evolutionarily unrelated to known
transporter families. LetA localizes to the inner membrane, where it is poised to load
lipidsintoits binding partner, LetB, amammalian cell entry (MCE) protein that forms

an approximately 225 A long tunnel for lipid transport across the cell envelope.
Unexpectedly, the LetA transmembrane domains adopt a fold that is evolutionarily
related to the eukaryotic tetraspanin family of membrane proteins, including
transmembrane AMPA receptor regulatory proteins (TARPs) and claudins. Through
acombination of deep mutational scanning, molecular dynamics simulations,
AlphaFold-predicted alternative states and functional studies, we present amodel for
how the LetA-like family of membrane transporters facilitates the transport of lipids
across the bacterial cell envelope.

Membrane transport is critical for fundamental cellular processes,
including cell growth, division and homeostasis. Transporters can medi-
ate either the active or passive transport of awide variety of substrates
across cellular membranes'>. To date, several transporter folds have
beenidentified* s, including members of the ATP-binding cassette (ABC)
and solute carrier families, among others. However, many membrane
proteins hypothesized to be transporters remain uncharacterized, even
inwell-studied model organisms such as E. coli. Some of these hypotheti-
cal transporters may be evolutionarily related to known transporter
families, but have diverged beyond recognition at the sequence level.
Alternatively, these unstudied protein families may represent new kinds
of transporters that await experimental characterization.

The mammalian cell entry (MCE) family of proteins has been impli-
catedinlipid transportacross the cellenvelope in double-membraned
bacteria’*2and between the endoplasmic reticulumand chloroplastsin
plants™*. MCE proteins have animportant role in maintaining the cell
envelope of Gram-negative bacteria'®®, and scavenge host lipids, such
asfatty acids and cholesterol, in Mycobacteria®. The MCE domains that
definethis protein family hexamerize to formrings with a central pore,
the basic building block for diverse higher-order architectures that
form pathways for lipid transport between membranes®®. Associated

integral membrane proteins are thought to drive lipid translocation
through the MCE ring. The best-characterized MCE systems interact
with ABC transporters to drive substrate translocation® 13141630,
However, many other MCE gene clusters do not encode components
of an ABC transporter, and it is unknown whether and how lipids are
translocated, or how transport s energized.

Lipophilic envelope-spanning tunnel B (LetB) is alarge MCE protein,
long enough to spanthe periplasmbetweenthe E. coliinner membrane
and outer membrane (Fig. 1a). The prevailing modelis that LetB trans-
ports lipids between membranes through a central hydrophobic tun-
nel®™*3 How lipids enter the LetB tunnel and the direction of transport
remain unknown. LetB is encoded in an operon together with LetA
(Fig.1b), amultipass transmembrane (TM) protein with no detectable
homology to transporter families. In Gram-negative bacteria, proteins
homologoustoLetA are encoded adjacent to some classes of MCE pro-
teins, including the paraquatinducible (Pqi) systemin £. coli, suggest-
ing that these proteins may have evolved to function together. LetA is
poisedto facilitate substrate translocation through the LetB tunneland
hasthe potential to define anew class of membrane transport proteins.

Here we show that LetA and LetB function together, and report the
structure of the LetAB complex. We found that LetAis distantly related
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Fig.1|LetA and LetB form acomplex. a, Model of LetA and LetBin thecell
envelope. A cross-sectionof LetB (PDB 6VOC) is oriented in the context of the
inner membrane (IM) and outer membrane (OM), with phospholipids (PL) and
LPSindicated. b, Schematic of the letAB operon. ¢, Westernblot froma pull-
down assaytoassesstheinteractionbetweenLetAand LetB. His-LetAwas
used as the bait, and the interaction with untagged LetB was assessed using
anti-LetA (clone 72) and anti-LetB antibodies. Three independent purifications
were performed starting with three different colonies, with similar results.

d, 2D class averages from negative-stain electron microscopy data for full-length
LetABor thesoluble periplasmic domain of LetB alone. e, Residuesin LetB that
weretargeted forincorporation of photocrosslinking amino acid, BPA (red
sphere for theinside tunnel, and blue spheres for the outside tunnel). f, SDS-
PAGE analysis of purified LetAB without BPAincorporation (WT) or with BPA

tothe eukaryotic tetraspanin superfamily of membrane proteins, which
arenotknownto haveintrinsic transporter activity, including the trans-
membrane AMPA receptor regulatory proteins (TARPs), claudins and
vitamin K epoxide reductase (VKOR). Our structure, together with deep
mutational scanning (DMS), molecular dynamics simulations, and
AlphaFold predictions of alternative states coupled with experimental
validation, led to amodel for how LetA may drive phospholipid trans-
porttomaintain outer membrane integrity in £. coli, providing insights
into a previously uncharacterized family of transporters in bacteria.

LetA and LetB form a complex

Deletion of letA and letBtogether (AletAB) in E. colihas previously been
shown to cause mild sensitivity to the bile salt, cholate and the zwit-
terionicsurfactant lauryl sulfobetaine (LSB)*"**. Both phenotypes are
exacerbated when pqiAB, asecond E. coli MCE system, is also deleted
(ApqiAB AletAB)***. To assess the relative contributions of letA and
letBto cholate and LSB sensitivity, we deleted letA and letBindividually
ina ApqiAB background. Strains lacking letA or letB exhibited similar
growth defects to each other and to AletAB mutants, which could be
rescued by complementation with a plasmid carrying wild-type (WT)
letAB (Extended DataFig.1a). Theseresultsindicate that LetA and LetB
function in the same pathway.

To examine whether LetA and LetB physically interact, we
co-expressed both proteins in E. coli, and found that His-tagged LetA
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incorporated at positionsindicated in panel e. Samples were either UV
crosslinked invivo or uncrosslinked, and the SDS-PAGE gel was stained with
Coomassie (LetB) and phosphor-imaged (*?P signal). Three replicates were
performedstarting with three different colonies, on different days, with similar
results. g, SDS-PAGE analysis of purified LetB with BPA incorporated at position
F468, with or without co-expression of LetA, prepared asin panelf. Three
replicates were performed starting with three different colonies, on different
days, with similar results. h, Surface representation of our LetAB cryo-EM
structure oriented in the context of the inner membrane and outer membrane.
LetBmonomers are depicted indifferent colours. i, Views of the LetAB complex
fromthe cytoplasm (top) and outer membrane (bottom), shown as surface
representations. The LetA surface s partially transparent (blue). Gel source
datafor panels c,f,gare provided in Supplementary Fig.1a,c,d, respectively.

pulls down LetB (Fig. 1c), resulting in an approximately 670 kDa com-
plex (Extended Data Fig. 1b,c). Negative-stain electron microscopy
of LetAB shows particles with seven characteristic bands of density
resembling LetB* and additional globular density at one end (Fig. 1d),
which we hypothesized correspondsto LetA and the TM helices of LetB
surrounded by a detergent micelle. Overall, these datashow that LetA
and LetB form a stable complex.

LetA facilitates lipid loadinginto LetB

Previous studies have shown that the soluble, periplasmic domain
of LetB binds phospholipids®, and crosslinking experiments in E. coli
lysates suggest that the binding sites are in the LetB central tunnel™.
Itis unclear, however, whether phospholipids spontaneously enter
the tunnel of the full-length, membrane-embedded LetAB complex
in vivo. To address this question, we used an in vivo crosslinking
assay. We grew E. coli in the presence of *’P orthophosphate to label
phosphate-containing molecules, including phospholipids, and
over-expressed LetAB with the photocrosslinking unnatural amino
acid p-benzoyl-L-phenylalanine (BPA) incorporated at specific sites
inLetB. We then UVirradiated live cells to allow in vivo crosslinking of
molecules in proximity to the site of the BPA probe. Following purifica-
tion of LetAB complexes, we analysed the crosslinking of *’P-labelled
moleculesto LetB by electrophoresis and phosphorimaging. BPA was
positionedinside the LetB tunnel (F468, W476, Y814 or F833) or onthe
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periplasm-facing exterior surface (K488 and E854, negative controls;
Fig.1e), locations validated in previous work®. We detect *Pincorpora-
tioninto LetB atall four BPA sites inside the tunnel, with F468B showing
the highest level, but we detected minimal *?P incorporation with BPA
positioned outside the tunnel (Fig. 1f). To test whether lipid access to
the LetB tunnel is dependent on LetA, we assessed lipid crosslinking
inside the LetB tunnel with or without co-expression of LetA, using
F468B as a probe. Efficient crosslinking in the LetB tunnel is depend-
ent on the co-expression of LetA (Fig. 1g), whereas LetB membrane
localizationis unaffected by LetA co-expression (Extended Data Fig. 1d).
Together, these results suggest that LetAis necessary for phospholipid
entry into the tunnel of full-length LetB in vivo. The simplest inter-
pretation is that LetA is an exporter that loads lipids from the inner
membraneinto LetB, but an alternative model is that LetA modulates
import fromthe outer membrane to theinner membrane by allosteri-
cally regulating the loading of LetB.

Overall structure of the LetAB complex

To understand how LetA and LetB interact, we determined the struc-
ture of the LetAB complex using cryo-electron microscopy (cryo-EM).
We determined two LetAB structures, in the presence or absence of a
crosslinker, glutaraldehyde. Both datasets yielded maps with similar
average resolutions across the LetAB complex (2.5-4.6 A; Extended
Data Tables1and 2 and Supplementary Figs. 2 and 3) and yielded similar
final models (Extended Data Fig.le). As the TMregion is better resolved
inthe presence of the crosslinker (Supplementary Figs.2b,d and 3b,d,f),
we primarily focus our discussion on the crosslinked LetAB structure,
except where noted.

The LetAB complexis an elongated assembly (approximately 290 A
long and about 90 A wide; Fig. 1h,i) consisting of six copies of LetB and
one copy of LetA, where LetB accounts for approximately 225 A of the
total length (Fig.1h,i). Asexpected, each LetB copy contains seven MCE
domains, which associate laterally with other LetB protomers to form
seven MCE rings that create a hydrophobic tunnel’"** (Extended Data
Fig. 1f,g). Six N-terminal TM helices, one from each LetB protomer,
anchor the assembly in the inner membrane. A single copy of LetA
interacts with MCE ring 1 and the TM helices of LetB (Extended Data
Fig. 1h). An approximately 30 A hydrophobic belt around the LetA
circumference defines the region probably embedded in the inner
membrane (Extended Data Fig. 1i). Of note, the density for only four
ofthesix LetB TM helicesis apparentinthe electron microscopy map,
and the four resolved helices interact with LetA in two nonequivalent
ways. The remaining two TM helices are not resolved (Extended Data
Fig.1h) and may not stably interact with LetA, resulting in pronounced
asymmetry in the TM region of the complex.

The wall of the LetB central tunnel is formed by pore-lining loops
thatemerge from each MCE domain®. Previous cryo-EM structures of
LetB with the TM helix deleted have shown that the pore-lining loops
fromMCErings1,5, 6 and 7 canadopt open and closed conformations,
which control the diameter of the central tunnel, thereby potentially
regulating the passage of substrates® 2. LetA is positioned directly
underneath the pore of LetB MCE ring 1. In the absence of LetA, MCE
ring1of LetB is predominantly in the closed state, in which the pore
through theringis not wide enough to allow passage of a phospholipid
(Extended Data Fig. 1g,j). This closed conformation of MCE ring 1 is
observed both in periplasmic®* and full-length®? structures of LetB.
In our LetAB structure, MCE ring 1 of LetB adopts an open state, sug-
gesting that binding to LetA modulates the conformation of the LetB
tunnel (Extended Data Fig.1g,j).

Overall structure of LetA

E. coliLetAis a single polypeptide that consists of two related mod-
ules, which we term ‘LetA modules’. Each LetA module consists of a

cytoplasmic zinc ribbon (ZnR) domain followed by aTM domain (TMD;
Fig.2a-c). These modules are widespread across Proteobacteria®, and
are found either in a single gene encoding two LetA modules, asin E.
coli,orintwo adjacent genes that each encode asingle LetA module (for
example, in Pseudomonas aeruginosa). E. coli LetA can form a func-
tional heterodimer when the two LetA modules are artificially splitinto
separate genes resembling the P. aeruginosa orthologue (split-LetA;
Extended DataFig.2a,b). The TMD of each LetA module contains four
TMhelices, oneinterfacial helix at the membrane-periplasm boundary
andathree-stranded B-sheet extendinginto the periplasm (Fig.2a-d).
The two LetA modules, which share approximately 25% sequenceiden-
tity, associate in ahead-to-head manner, resultingin anintramolecular
dimer with twofold pseudo-symmetry (Fig. 2e). The two TMDs form
aninverted V-shape, creating a large, hydrophilic cleft that faces the
cytoplasm (Fig. 2f). In this cleft, we observed a **GRWSM-W-D-W-F*¢°
motif (where W denotes an aliphatic amino acid: L, I, V or M) that is
well conserved in the C-terminal LetA module across a diverse set of
LetA-like proteins (Extended DataFig.2c-e). A similar motifisalso pre-
sentin the N-terminal LetA module, butis less conserved. In addition,
LetA contains a periplasmic pocket 174 A%in volume (Fig. 2f), which is
amphipathic and formed primarily by residues of TMDC, along with TM3
of TMDN, This periplasmic pocketssits directly below the entrance to the
LetB tunnel, with the LetA periplasmic 3-sheets creating a hydrophobic
bridge that connects the pocket to the pore lining loops of LetB MCE
ring1(Extended DataFig. 3a). By contrast, an equivalent pocketis not
present in TMDM. The cleft and periplasmic pocket could potentially
serve as substrate-binding sites and function as part of the substrate
translocation pathway.

On the cytoplasmic side, ZnR" and ZnR® interact to form a struc-
turalunit. Each ZnR domain consists of two stacked B-hairpins (Fig. 2g)
with a tetracysteine motif involved in metal binding (CXXC-X,-CXXC,
where n ranges from 11 to 18; Extended Data Fig. 2¢). ZnR® connects
TMD" and TMDS, and interacts non-covalently with ZnR to form a
ZnRdimer, perhaps stabilizing the association between the N-terminal
and C-terminal halves of LetA. Depending on their functional role, ZnR
domains canbind various transition metals*, most commonly zinc or
iron. To assess whether LetA is a metal-binding proteinand to profile its
metal-binding specificity, we performed inductively coupled plasma
mass spectrometry (ICP-MS) on purified LetA protein, which shows
specific enrichment of zinc atoms (Extended Data Fig. 3b). Calibra-
tion using a standard curve (Methods) suggests that LetA binds to
approximately two zinc atoms per protein molecule (n =2, range of
1.7-2), indicating that both ZnR domains preferentially coordinate
zincunder our experimental conditions. As the metal remains bound
throughout the purification process, and related ZnR domains bind
tightly tozinc®, weinfer that LetA probably also binds to zinc with high
affinity.

LetA defines a new transporter family

Toassess whether LetAis evolutionarily related to known transporter
families, we performed a structure-based search of the Protein Data
Bank (PDB) using Foldseek®. We were unable to identify structural simi-
larity to known transporter folds, suggesting that LetA represents anew
type of membrane transport protein. However, this search revealed
that anindividual LetA TMD is structurally related to the tetraspanin
superfamily of integral membrane proteins in eukaryotes. The LetA
TMD most closely resembles TARPs and claudins, which have struc-
turally equivalent B-sheetsin their extracytoplasmic regions with 3-5
B-strands, and is more distantly related to VKOR and tetraspanin itself
(Fig.2h,iand Extended DataFig. 3c,d). All of these proteins share acom-
montopology inthe TM helices, but only LetA contains ZnR domains,
andisarranged as apseudodimer with two consecutive tetraspanin-like
domains. Functionally, the eukaryotic proteins are highly divergent,
and none is known to exhibit transporter activity. Tetraspanins are
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Fig.2|Structural overview of LetA. a, Schematic representation of the LetA
protein domain organization. b, Cartoonrepresentation of the LetAstructure,
coloured asin panela.N-terminal and C-terminal extensions were not resolved
inourdensity and are shown as dashed lines drawn approximately to scale.
Membraneboundaries areindicated by black lines. ¢, Topology diagram of LetA.
Inadditionto the secondary structure, the Zn-coordinating cysteines (yellow
circles)and Znatoms (grey circles) are shown.d, Cartoon representation

of the LetATMDM. The colours and labels are the same as in panel ¢; periplasmic
B-strands are shownintheinset. e, Superposition of TMD"and TMD®,
showingstructural conservation between the two domains. TMDVis rotated

involved in membrane organization via the formation of microdo-
mains that serve to recruit binding partners, often involved in signal
transduction®. TARPs regulate ion channel function in neurons®,
claudins function in cell-cell adhesion*® and VKOR is involved in the
recycling of oxidized vitamin K, (ref. 41). Both tetraspanin and VKOR
contain lipid-binding sites for cholesterol*? and vitamin K, (ref. 41),
respectively, roughly in regions corresponding to the periplasmic
pocketin LetA, which is a possible substrate-binding site (Extended
DataFig. 3e).

To explore evolutionary relationships between LetA and proteins
whose structures have yet to be experimentally characterized, we
carried out aFoldseek search of the AlphaFold database of predicted
protein structures. In addition to bacterial LetA-like proteins, this
searchrevealed potential uncharacterized structural homologues
of full-length LetA that are present in some parasites and marine pro-
tists (Extended Data Fig. 3f). The AlphaFold predictions resemble
LetA, butlack ZnR domains. As MCE proteins are generally restricted
to double-membraned bacteria and photosynthetic eukaryotes, it
is unclear how LetA-like proteins function in parasites and marine
protists. However, LetA-like proteins identified in kinetoplastids and
dinoflagellates appear to be fused to an extracytoplasmic 3-jellyroll
domain (Extended Data Fig. 3f), reminiscent of the bridge-like lipid
transport domains of VPS13 (ref. 43), YhdP* and the LPS exporter®.
Thus, these distantly related LetA relatives may mediate the transport
of lipids in some eukaryotes via bridge-like proteins instead of MCE
tunnels. Together, these analyses place LetA and LetA-like proteins
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approximately 160°, which resultsin the superposition of the two domains.
f,Electrostatic potential surface of LetA shownin full (Ieft) and in cross-section
(right), highlighting the periplasmic pocket and central cleft. g, Cartoon
representation of the ZnR domains. Metal-coordinating cysteines are labelled
and the Zn atoms areshown asblue spheres. h,i, Cartoon representations with
helices shown as cylinders (h) and corresponding topology diagrams (i) of LetA
TMDN, TARPy2 (PDB 6DLZ) and claudin-4 (PDB 7KP4). The secondary structural
elements of LetATMDM conserved withstructurally related proteins are coloured
asinpanelc.

in the tetraspanin superfamily, which was previously thought to be
aeukaryotic innovation®, but we show to be present in prokaryotes
aswell.

DMS of LetA

To gainunbiased insightinto functionally importantresiduesin LetA,
we used DMS, in whicheach positionin LetA was mutated to all possible
amino acids (Extended Data Fig. 4a). The effect of each mutation on
LetA function in cells was assessed in the presence of LSB or cholate.
Heatmapsillustrating the effect of each mutation on LetA fitness show
similar patterns with cholate and LSB (Extended DataFig. 5and Supple-
mentaryFig.4). Asexpected, mutation of the start codon orintroducing
astop codon at most positions resulted in reduced fitness. For each
position, we calculated atolerance score (Methods), ranging fromOto1,
where 0 denotes no tolerance for mutations and 1denotes full tolerance
(Fig.3a, Extended DataFig.5and Supplementary Fig.4). Approximately
90% of residues tolerate mutations (tolerance scores > 0.7; Extended
DataFig.4d),includinganapproximately 25 residue cytoplasmic exten-
sionatthe N terminus of LetA (Extended DataFig. 5 and Supplementary
Fig.4).LetA constructs truncating this region are expressed and largely
rescue growth of the ApqiAB AletAB strainin the presence of cholate or
LSB (Extended Data Fig. 4e,f). However, a subset of positions in LetA
were less tolerant of mutation (tolerance score < 0.7; Extended Data
Fig. 4d), including 53 positions for cholate and 37 positions for LSB
(Fig.3a, Extended DataFig. 5 and Supplementary Fig. 4). The majority
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Fig.3|Functional regions of LetA revealed by DMS and cellular assays.

a, LetAstructure coloured by mutational tolerance scores. Residues most
sensitive tomutation appear as deeper shades of red and a thicker backbone
trace.b, Cartoonrepresentation of LetA displaying residues identified as
functionallyimportant by DMS (spheres mark Ca of each). Three functional
regions were identified: the periplasmic pocket (yellow), the polar network
(cyan) and the ZnR domains (green). ¢, Enlargement of the LetA periplasmic
pocket, highlighting the position of the periplasmic 3-sheet and functionally
importantresidues.d, DMS data corresponding toresiduesin the periplasmic
pocket. The vertical strips for individual LetA residues from the heatmap
shownin Extended DataFig.5arereproduced here. Eachsquarerepresents
theaverage fitness cost of anindividual mutation relative tothe WT sequence

ofthese functionallyimportant residues clusterinthree regions of the
LetA structure (Fig. 3b): (1) the periplasmic pocketin TMDE, (2) a polar
network in TMD®, and (3) the ZnR domains.

Periplasmic pocket

The periplasmic pocket, situated right below the LetB tunnel, is well
positioned to serve as a binding site for lipids moving between the
inner membrane and LetB, and is analogous to the lipid-binding sites
observed in tetraspanin and VKOR. From the cholate and LSB data-
sets combined, approximately half of all positions with low toler-
ance scores clustered to this region (28 residues), suggesting that
the periplasmic pocket is functionally important (Fig. 3¢,d). Most of
theseresidues are hydrophobic, and are less tolerant of mutations to
polarresidues, suggesting that maintaining the hydrophobic charac-
ter of this pocket s critical, consistent with arole in binding to lipids
or other hydrophobic molecules. Most of the 28 residues are buried
within the pocket or cluster to TMD® strands 31 and 33, which may
allow f1and 33 to act as a hydrophobic ‘slide’ for lipid translocation
between the periplasmic pocket of LetA and the pore of MCE ring 1
(Fig. 3c and Extended Data Fig. 3a). Together, our data support an
importantrole for the periplasmic pocket in LetA function, potentially
as asubstrate-binding site involved in lipid translocation between
LetA and LetB.
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The coloured square above each strip indicates the tolerance score, calculated
asdescribedinthe Methods. e, Asnapshot of the LetA coordinates from
equilibrium molecular dynamics simulations, highlighting the region of the
LetAstructure corresponding to the polar network. Residuesinthe polar
network with low tolerance scores from DMS experiments are shown as sticks.
Water molecules from molecular dynamics simulations are shown, and
hydrogenbondsbetween the residues and water molecules areillustrated
asblack dottedlines. f,g, DMS data corresponding toresiduesin the polar
network (f) and ZnR® domain (g). Individual strips are shown for each residue (f)
orthe wholeregion corresponding to ZnR¢ (g), with colours and annotations as
inpaneld.

Polar network in TMD®

Acluster of well-conserved residues with low tolerance scores forms a
polar network across the membrane, from the periplasmic pocket to
the cytoplasm (Fig. 3e and Extended DataFig. 2c). These residues (K178,
D181, S321,K328,5364,D367 and T402) liein the core of TMD and have
polar or charged side chains, which is unusual in TM regions. Two of
these residues (5364 and D367) belong to the ***GRWSM-W-D-W-F>%°
motifnear the central cleft of LetA, and other residues in the motif are
also moderately sensitive to mutation (Extended DataFig. 5 and Supple-
mentary Fig.4). Mutating each of the seven polar network residues to
alanine had little effect on LetA expression or LetB binding, suggesting
that the polar network has aspecificrole inthe transport mechanism,
independent of folding or stability (Extended Data Fig. 6a). Of note,
similar polar networksin other membrane proteins ofteninteract with
water*® and canbeimportant for substrate interaction or energy trans-
duction by forming proton transfer pathways"¥. To examine the solvent
accessibility of residuesinthe polar network, we performed equilibrium
molecular dynamics simulations. Waters were observed withinthe core
of TMDS, forming a network of hydrogen-bonding interactions with
the polar residues, bridging the periplasmic and cytoplasmic spaces
(Fig. 3f and Extended Data Fig. 6b,c). The core of TMD", which lacks a
polar network, remainsinaccessible to water (Extended Data Fig. 6b).
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Thus, this conserved polar network probably interacts with water, and
may be important for substrate interactions or for enabling proton
shuttling as an energy source.

ZnRdomains

ZnR domains are typically stabilized by metal-coordinating cysteines*.
As expected, mutationsin the metal-coordinating cysteines of the LetA
ZnRsare not tolerated (Fig. 3g, Extended Data Figs. 5 and 6d and Sup-
plementary Fig.4) andresultinreduced levels of LetA protein (Extended
DataFig. 6e).ZnR domains sometimes mediate protein-proteininter-
actions®>*, However, aside from the Cys residues, no other residuesin
the LetA ZnR domains were sensitive to mutation (tolerance score > 0.7;
Fig.3a), suggesting that the LetA ZnRs are unlikely to mediate protein-
proteininteractions, and instead, the overall ZnR fold may contribute
to the stability of LetA. To test this, we replaced ZnRVand ZnR® of LetA
with those of E. coli PqiA, which share 41% and 28% sequence identity,
respectively (Extended Data Fig. 6f). The ZnR-swap mutant showed
cholateand LSBresistance similar to the WT (Extended Data Fig. 6g,h),
suggesting that substantial sequence divergence can be tolerated out-
side of the Zn-coordinating cysteines.

To examine whether the ZnRs are essential for function, we tested
two ZnR deletion mutants in complementation assays. LetAAZnR™
fails to rescue growth and is unable to pull down LetB (Extended Data
Fig. 6i-k and Supplementary Fig. 1k,I), suggesting that this mutation
interferes with folding. LetAAZnRC partially rescues growth despite
reduced expression levels compared withthe WT, and bindsto LetBina
pull-down assay (Extended Data Fig. 6i—-k and Supplementary Fig. 1k,1).
Theseresults suggest that the LetAAZnR® proteinis folded and at least
partially functional. Consistent with the idea that the ZnR  domain may
not have akeyrolein LetA function, some LetA homologueslack ZnR®
entirely (for example, Shewanella sp. SNUWT4, Uniprot AOA4Y616US).
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membrane lipids arerepresented as white spheres toindicate the position of
the membrane.d, Snapshot of LetAB coordinates from theend ofa300-ns
equilibrium simulation after SMD simulations. Theinset highlights the
potentialinteraction of Lipid 2 (PMPE; carbonin green, nitrogeninblue,
oxygeninredand phosphorusinbeige) withsurrounding residues, shown as
spheres marking each Ca position. Interacting residues that are sensitive to
mutation areshownasorange spheres, whereas those thatare tolerantare
shown as white spheres. e,f, Cellular assays to assess the function of LetB
mutants. WT LetAis co-expressed with each LetB mutant. Tenfold serial
dilutions of strains were spotted on LB agar with or without cholate (e) or
LSB (f). All strains are constructed in a ApgiABbackground.

Together, our resultslead to amodel in which zinc binding is required
to stabilize the ZnR fold, and the ZnR domains probably have arole in
modulating the structure or allosterically regulating lipid transport.

Lipid binding and specificity

In the central cleft in LetA, additional density is apparent, consistent
with the size and shape of a diacyl lipid, which we call ‘Lipid 1’ (Fig. 4a
and Extended Data Fig. 7a). The density for Lipid 1is better resolved
in the uncrosslinked map than in the crosslinked map (Methods and
Extended Data Fig. 7a,b). Site-specific crosslinking suggests that the
Lipid 1 site is also occupied by a phospholipid in vivo (Extended Data
Fig.7c),and molecular dynamics simulations show that alipid remains
stably bound at this site, whether itis included in the starting model
(Extended DataFig. 7d-f). LetA residues contacting this lipid, however,
aregenerally insensitive to mutation, as seen in our DMS data (Extended
DataFig. 7a). These findings suggest that Lipid 1 stably binds to LetA,
but may not represent a substrate.

In our molecular dynamics simulations, we observed spontane-
ous upwards movement of a lipid into the central cleft, which is on
the side of LetA opposite the Lipid 1 site (Fig. 4b). The identity of this
lipid, which we refer to as ‘Lipid 2/, is different among replicas, and its
positionvariesslightly between replicas (Methods and Extended Data
Fig. 7g). Lipid 2 originates from the cytoplasmic leaflet of the inner
membrane, and moves along the cleft to a position approximately
halfway across the membrane, moving towards the periplasmic
pocket, where it remains stable bound (Fig. 4c¢, Extended Data Fig. 7g
and Supplementary Video1). We hypothesize that Lipid 2 represents a
substrate and suggest a transport mechanism, involving (1) spontane-
ous movement of alipid from the cytoplasmic leaflet to the middle of
the membrane, (2) translocation to the periplasmic pocket, possibly
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194,1383 (red) and Q180, R380 (blue) shown as spheres. The Cp distances
(dashedlines) are shown for the pairs of residues that are mutated to cysteine.

following a conformational change in LetA, and (3) transfer from the
LetA periplasmic pocket to the LetB tunnel. To explore the possible
trajectory of Lipid 2 from the central cleft to the periplasmic pocket,
we performed steered molecular dynamics (SMD) simulations. To
accommodate Lipid 2 movement from the cleft to the pocket, the IF€
and TM2a“helices open laterally as aunit, analogous to aflap, revealing
an amphipathic groove (Fig. 4c and Supplementary Video 2). Pulling
ononetail required the least amount of work (Extended Data Fig. 7h)
compared with pulling both tails or the head group, and resulted in the
tails being splayed apart, shielded from the solvent by hydrophobic
residues, whereas the head groupisinside the pocketinteracting with
residues K178, D181and D367 of the polar network (Fig. 4c,d and Sup-
plementary Video 2). The molecular dynamics simulations suggest a
plausible pathway for Lipid 2 movement from the inner leaflet to the
periplasmic pocket.

To observe whether and how Lipid 2 relaxes into the periplasmic
pocket, we conducted 300-ns equilibrium simulations starting from
the final state reached during each SMD simulation (Extended Data
Fig.7d). We found that Lipid 2 samples an ensemble of configurations
(Extended DataFig. 7i,j), and observed two common themes: first, the
negatively charged phosphate head group of the lipid interacts with
R63from LetBring1, which faces the periplasmic pocket of LetA (Fig. 4d
and Supplementary Video 3). LetBR63 is conserved as Arg or Lys across
LetB-like proteins, andisimportant for LetAB function, as mutations to

e, Representative westernblot of a crosslinking experiment to probe the LetA
conformations observed inthe cryo-EM structure and AlphaFold model 149,
asshownin paneld.Samples were treated with either DMSO (3%, control)

or BMOE (1 mM) and subjected to western blotting using anti-LetA antibody
(clone 72). Successful crosslinking results in a heterodimeric product with a
napparent molecular weight of approximately 35 kDa. Gel source dataare
providedin Supplementary Fig. 1o.f, Quantification of western blots from
the LetA Cys crosslinking assay, including the blot from panel e, as well as two
additional biological replicates (n =3 total). The bar graph shows the fold
increaseinthe crosslinked heterodimeric product upon treatment with the
BMOE crosslinker relative to the corresponding uncrosslinked control.

otheramino acids resultin sensitivity to both cholate and LSB despite
similar expressionlevels (Fig. 4e,fand Extended Data Fig. 7k,I). Second,
the fatty acyl tails sample the surrounding hydrophobic surfaces of LetA
indifferent orientations, including with both tails oriented downwards
into the periplasmic pocket, upwards towards the pore of LetB or in
asplayed conformation (Extended Data Fig. 7j and Supplementary
Video 3). Theinteractions between Lipid 2 and LetAB are reminiscent of
the protein-lipid interactions described in the cryo-EM structure of £.
coliMIlaFEDB?*, One of the bound phospholipids adopts asplayed con-
formation, with the head group docked against a nearby Argresidue,
analogous to LetB R63. This binding mode was proposed to facilitate
lipid reorientation and transfer between the MCE subunit and the ABC
transporter. Asimilar process may occur during lipid transfer between
LetA and LetB, consistent with our hypothesis that the periplasmic
B-strands of LetA provide a pathway for lipid movement from LetA
to LetB (Extended Data Fig. 3a), and the splayed conformation may
maximize lipid contact with hydrophobic surfaces during the transfer.

As our molecular dynamics simulations do not speak to lipid speci-
ficity for the substrate, we sought to explore whether LetAB has alipid
preference by performing lipidomics experiments on the purified
complex. We found that phosphatidylethanolamine (PE) was enriched
and cardiolipin was depleted in purified LetAB relative to the E. coli
membrane asawhole, whereas phosphatidylglycerol (PG) levels were
not significantly different (Extended Data Fig. 7m,n). Whether this
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preferencereflects LetA substrate specificity ormembranelipids bound
inthe periphery of the TMDs remains unclear. Together, our data sug-
gest the presence of two lipids: Lipid 1, which probably remains stably
bound in the LetA cleft, and Lipid 2, which probably represents the
substrate.

Conformational changesinLetA

To explore potential alternative conformations of LetA, we used an
AlphaFold2-based approach’®*', We generated 160 predictions, which

8 | Nature | www.nature.com

(2) A lipid binds to the
central cleft of LetA

Polar network

LetB
~ reconfiguration?

LetB TM helix

Amphipathic groove

state may resemble AlphaFold model 149. This conformation resultsinasteric
clash with LetB, makingit likely that some conformational rearrangements
simultaneously occurin LetB. (4) Lipid traverses the groove, as observedin
SMD simulations, and (5) arrives in the periplasmic pocket, where R63 of LetB
dictateslipid orientation. (6) LetA probably revertsto the cryo-EM state, driving
the phospholipidinto the LetB tunnel. This transport process may be active

or passive.

can be grouped into five major clusters based on the state of the LetA
TMDs (Methods, Fig. 5a, Extended Data Fig. 8a,b and Supplementary
Datal). The modelsin cluster 1 are similar to our cryo-EM structure.
Inthe remaining four clusters, we observed two major types of poten-
tialmotion, which occur to varying degrees and in different combina-
tions. First, TMDC rotates relative to TMDN, up to approximately 45°,
around an axis roughly perpendicular to the membrane plane (Fig. 5b).
Second, in clusters 4 and 5, one TM3 segment slides past the other at
theinterface betweenthe TMDs (Fig. 5b and Supplementary Video 4).
The combination of TMD rotation and TM3 sliding motions result in


https://doi.org/10.2210/pdb6V0C/pdb

the opening of an amphipathic groove between the two TM3 helices
and the flap formed by the IF¢ and TM2a® helices, which connects the
Lipid 2 site in the central cleft from our molecular dynamics simula-
tions to the periplasmic pocket (Fig. 5¢). The groove is composed of
polar and hydrophobic residues that are sensitive to mutations. This
predicted state suggests a possible pathway for lipid movement that
is consistent with our SMD simulations.

Toassess whether LetA samples the predicted alternative statesinvivo,
we focused onmodel 149, which represents some of the largest confor-
mational changes inour predicted states relative to our cryo-EM struc-
ture. We designed anin vivo cysteine-based crosslinking assay, in which
weintroduced pairs of cysteine mutations at positionsin LetA, for which
the distance between the cysteine pair is expected to change between
the cryo-EMstate and model 149. In the presence of acrosslinker (BMOE),
the mutations are predicted tobe selectively crosslinkedin either model
149 (Q180C/R380C) or the cryo-EM structure (L94C/1383C), but not in
both (Fig.5d). WT LetA contains 11 cysteines, of which 3 are non-essential
(Extended DataFig.5and Supplementary Fig.4) and 8 coordinate metal
inthe ZnR domains to promote protein folding. We used our split-LetA
construct with the three non-essential cysteines mutated toserine asthe
background for these mutations (Cys-light LetA; Methods), as successful
crosslinkingis expected toformacovalently linked dimer, resultingina
large mobility shift when analysed by SDS-PAGE. The Cys-light LetA, as
well as the L94C/1383C and Q180C/R380C double mutant derivatives,
areallfunctionalin cells (Extended DataFig. 8c). BMOE treatment of the
L94C/1383C and Q180C/R380C double mutants led to an approximately
sixfold and fivefold, respectively, increase in the dimer band relative
to that of the DMSO control (Fig. 5e,f), suggesting that the cryo-EM
and model 149 states are sampled in cells. The single-mutant controls
exhibitbackground levels of crosslinking (Fig. Se,f), suggesting that the
crosslinking in the double mutants is specific. Together, these results
support the existence of an ‘open-groove’ LetA state that is consistent
with AlphaFold2 predictions, which may facilitate transport.

Discussion

LetB forms ahydrophobic tunnel across the bacterial cell envelope that
enables lipid transport between the inner membrane and the outer
membrane. How lipids are loaded into LetB was unknown, and LetA
was hypothesized to have arolein the lipid transport mechanism. We
propose a model for LetAB-mediated lipid transport (Fig. 6): (1) LetA
binding to LetB facilitates the opening of the pore of LetB MCE ring 1.
In the cell, itis unclear whether LetA is constitutively bound to LetB.
(2) LetA may cause local distortion of the membrane, enabling the
spontaneous movement of phospholipids from the inner leaflet of the
innermembraneinto the LetA central cleft. (3) Totranslocate the lipid,
LetA may undergo aconformational change, revealing an amphipathic
groove. The conformational change in LetA was predicted by Alpha-
Fold2, and is consistent with the results of in vivo crosslinking experi-
ments. (4) The lipid traverses the amphipathic groove with the tails
in a splayed configuration, in which each fatty acyl tail interacts with
functionally important hydrophobic residues. (5) The lipid arrives in
the LetA periplasmic pocket, whereitislargely flexible, but constrained
by interactions of the polar head group with R63 of LetB MCE ring 1.
(6) Thelipidis extruded from the periplasmic pocket and slides across
the periplasmic 31and 3 strands of LetA to enter the LetB tunnel, and
LetAreturnstotheresting state. Whether the LetA transporter is passive
or coupled to the proton motive force is unclear. Our model implies
that LetAB exports phospholipids from the inner membrane to the
outer membrane, but future experiments will be needed to definitely
establish the directionality of the transporter.

Our proposed mechanismis similar to extractors such as the lipopoly-
saccharide (LPS) exporter, which extracts LPS from the outer leaflet
of the inner membrane via the central cavity of the LptFG dimer®.
ATP-dependent conformational changes resultin collapse of the central

pocket, and extrusion of LPS into a periplasm-spanning bridge formed
by LptC and LptA, to mediate LPS transport to the outer membrane. A
similar mechanism hasbeenreported for the triacylglycerol-extraction
systemRv1410-LprG, inwhich Rv1410 is amajor facilitator superfamily
transporter that localizes to the inner membrane of mycobacteria®.
Triacylglycerol binds to the central cavity of Rvl410, and the protein
undergoes atransition to the outwards-facing state thatis protondriven.
Triacylglycerolisthentransferred to the periplasmiclipoprotein LprG.
An analogous open-to-collapsed transition is observed in tetraspa-
nin, where cholesterol and other lipids have been shown to bind to
the central cavity and modulate protein conformation*? (Extended
Data Fig. 8d). An attractive but speculative idea is that an ancestral
lipid-binding protein reminiscent of tetraspanin, already undergoing
lipid-dependent conformational changes, evolved to couple cellular
energy to lipid binding and unbinding, possibly leading to transport-
erssuchasLetA.
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Methods

Expression and purification of LetAB

Plasmid pBEL1284, which encodes N-terminal 6xHis2xQH-TEV-tagged
LetA and untagged LetB, was transformed into OverExpress C43 (DE3)
cells (60446-1, Lucigen; Supplementary Table1). For protein expression,
overnight cultures (LB,100 pg ml™ carbenicillinand 1% glucose) were
diluted in LB (Difco) supplemented with carbenicillin (100 pg ml™),
grownat 37 °Cwith shaking to an optical density at 600 nm (OD600) of
approximately 0.9, and theninduced by addition of arabinose to afinal
concentration of 0.2%. Cultures were further incubated at 37 °C with
shakingfor 4 h, and then harvested by centrifugation. The pellets were
resuspended inlysis buffer (50 mM Tris pH 8.0,300 mM NaCland 10%
glycerol), flash frozenin liquid nitrogen and stored at =80 °C. Cells were
lysed by two passes through an Emulsiflex-C3 cell disruptor (Avestin),
then centrifuged at15,000g for 30 minat4 °Cto pellet cell debris. The
clarified lysate was subjected to ultracentrifugation at 37,000 rpm
(182,460g) for 45 min at 4 °Cin a Fiberlite F37L-8 x100 Fixed-Angle
Rotor (096-087056, Thermo Fisher Scientific). The supernatant was
discarded and the membrane fraction was solubilized in 50 mM Tris
pH 8.0,300 mM NaCl, 10% glycerol, 25 mM n-dodecyl-3-D-maltoside
(DDM) by rocking overnight at 4 °C. Insoluble debris were pelleted by
ultracentrifugationat 37,000 rpm for 45 minat4 °C. Solubilized mem-
braneswere then passed twice through a column containing NiSepha-
rose Excel resin (Cytiva). Eluted proteins were concentrated using an
Amicon Ultra-0.5 Centrifugal Filter Unit concentrator (MWCO100 kDa,
UFC510096) before separation on the Superdex 200 Increase 10/300
column (Cytiva) equilibrated with either Tris (20 mM Tris-HCI pH 8.0,
150 mMNacCl, 0.5 mM DDM and 10% glycerol) or HEPES (20 mM HEPES
pH 7.4,150 mM NaCl, 0.5 mM DDM and 10% glycerol) gel-filtration
buffer. Fractions containing LetAB were pooled, concentrated and
applied to grids for negative-stain electron microscopy or cryo-EM.
Onelitre of culture typically yields 30-40 pg of the LetAB complex.

Negative-stain electron microscopy

To prepare grids for negative-stain electron microscopy analysis, a
fresh sample of LetAB was applied to a freshly glow-discharged (30 s)
carbon-coated 400 mesh copper grid (01754-F, Ted Pella) and blotted
off. Immediately after blotting, 3 pl of a2% uranyl formate solution was
applied for staining and blotted off on filter paper (Whatman 1) from the
opposite side. Application and blotting of stain was repeated four times.
The sample was allowed to air dry before imaging. A negative-staingrid
of the soluble, periplasmic domain of LetB was prepared previously*
usingasimilar procedure and stored. New images from this sample were
acquired for this study. Data were collected on the Talos L120C TEM
(FEI) equipped with the 4K x 4K OneView camera (Gatan) at anominal
magnification of x73,000 corresponding to a pixel size of 2.03 A px'on
the sample and a defocus range of -1to -2 um. Negative-stain dataset
size was determined to be sufficient by the ability to see featuresin the
2D classes of picked particles. For both the LetAB and LetB datasets,
micrographs were imported into cryoSPARC (v3.3.1)** and approxi-
mately 200 particles were picked manually, followed by automated
template-based picking. Particles were extracted with a 320 pixel box
size.Several rounds of 2D classification were performed using default
parameters, except that ‘force max over poses/shifts’and ‘do CTF cor-
rection’ were both set to false.

Cryo-EM sample preparation and data collection

To generate the crosslinked LetAB sample, 1% glutaraldehyde was
added to purified LetAB (HEPES gel-filtration buffer) at a final con-
centration of 0.025%. The sample wasincubated onice for1 handthen
quenched by the addition of 75 mM Tris-HCI pH 8.0. The sample was
incubated for 15 minonice before filtering using an Ultrafree centrifu-
gal filter (UFC30GVNB) and loading onto a Superdex 200 Increase
10/300 column (Cytiva), equilibrated with buffer containing 20 mM

Tris-HCIpH 8.0,150 mM NaCland 0.5 mM DDM, to remove aggregated
LetAB. Fractions containing the LetAB complex were concentrated to
1mg ml"using the Amicon Ultra-0.5 centrifugal filter unit concentrator
(MWCO 100 kDa, UFC510096). Continuous carbon grids (Quantifoil
R 2/2 on Cu 300 mesh grids + 2 nm Carbon, Quantifoil Micro Tools,
C2-C16nCu30-01) were glow-discharged for 5 s in an easiGlow Glow
Discharge Cleaning System (Ted Pella). Of freshly prepared sample,
3 plwasaddedtotheglow-discharged grid. Grids were prepared using
aVitrobot Mark IV (Thermo Fisher Scientific). Grids were blotted with
ablot force of O for 3 s at 4 °C with 100% chamber humidity and then
plunge-frozeninto liquid ethane. Grids were clipped for data acquisi-
tion.

Grids containing crosslinked LetAB were screened atthe NYU cryo-EM
core facility on the Talos Arctica (Thermo Fisher Scientific) equipped
with aK3 camera(Gatan). The grids were selected for data collection on
the basis of ice quality and particle distribution. The selected cryo-EM
grid was imaged on two separate sessions at the Pacific Northwest
Center for Cryo-EM (PNCC) onKrios-1,a Titan Krios G3 electron micro-
scope (Thermo Fisher Scientific) equipped with aK3 direct electron
detector with a BioContinuumenergy filter (Gatan). Super-resolution
movies were collected at 300 kV using SerialEM> at a nominal mag-
nification of x81,000, corresponding to a super-resolution pixel
size of 0.5144 A (or anominal pixel size of 1.029 A after binning by 2).
Movies (n=12,029) movies were collected over adefocus range of —0.8
to-2.1 um, and each movie consisted of 50 frames with a total dose of
50 e” A2 Further data collection parameters are shown in Extended
DataTablel.

The uncrosslinked LetAB complex was prepared as described
in ‘Expression and purification of LetAB’, except the Superdex 200
Increase 10/300 column was equilibrated in buffer containing 20 mM
Tris-HCI pH 8.0,150 mM NaCl and 0.5 mM DDM. Continuous carbon
grids (Quantifoil R 2/2 on Cu300 mesh grids + 2 nm Carbon, Quanti-
foil Micro Tools, C2-C16nCu30-01) were glow-discharged for 5sinan
easiGlow Glow Discharge Cleaning System (Ted Pella). Of freshly pre-
pared sample (1 mg ml™) in Tris gel filtration buffer, 3 pl was added to
the glow-discharged grid. Grids were prepared using a Vitrobot Mark
IV (Thermo Fisher Scientific). Grids were blotted with a blot force of
0 for 3 sat4 °C with100% chamber humidity and then plunge-frozen
intoliquid ethane. Grids were clipped for data acquisition. Grids were
screened atthe NYU cryo-EM laboratory on the Talos Arctica (Thermo
Fisher Scientific) system equipped withaK3 camera (Gatan). The grid
withthebestice quality and particle distribution wasimaged at the New
York Structural Biology Center on Krios-1, a Titan Krios G3 electron
microscope (Thermo Fisher Scientific) equipped withK3 directelectron
detector withaBioContinuum energy filter (Gatan). Super-resolution
movies were collected at 300 kV using Leginon®® at a nominal magni-
fication of x81,000, corresponding to a super-resolution pixel size of
0.5413 A (or anominal pixel size of 1.083 A after binning by 2). Movies
were collected over a defocus range of -2 to =5 um, and each movie
consisted of 40 frames with a total dose of 51 e~ A A total 0f 12,455
movies were collected, consisting of 5,372 movies at 0° tilt and 7,083
movies at —30° tilt. Further data collection parameters are shown in
Extended Data Table 2.

Cryo-EM structure of crosslinked LetAB

The data processing workflow for the crosslinked LetAB sample
is shown in Supplementary Fig. 2e. A combination of cryoSPARC
(v3.2.0-4.3.0) and RELION (v3.1.0)* were used for data processing.
Dose-fractionated movies were gain normalized, drift corrected,
summed and dose weighted, and binned by 2 using the cryoSPARC
Patch Motion module. Contrast transfer function (CTF) estimation
for each summed image was carried out using cryoSPARC Patch CTF
estimation. To generate 2D templates for auto-picking, 1,003 particles
were manually picked, extracted (box size of 576 px) and subjected to
2D classification. The classes with top, tilted and side views of LetAB
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were selected as templates for auto-picking, which yielded 3,582,925
particles after extraction (box size of 576 px). The particles were sub-
jectedto 2D classification (200 classes) with force max over poses/shifts
settofalse. Well-aligned 2D classes were selected (1,793,362 particles)
and a3Dreconstruction was generated using abinitio reconstruction.
The 3D reconstruction was used as a template for 3D refinement in
RELION, whichrevealed well-resolved density for MCE rings 1-4, poor
and noisy density for MCE rings 5-7 and no density for LetA, probably
due torings 1-4 dominating the particle alignment. To improve reso-
lution for LetA, local refinement was performed using a mask around
LetB rings 1-4 and the TM region, followed by particle subtraction in
RELION where the signal for the TM region and rings 1-2 was kept and
recentred to the middle of the box (256 px). The subtracted particles
wereimportedinto cryoSPARC, where reference-free 3D classification
was performed using the ab initio module (two classes) to remove
misaligned and ‘junk’ particles. This resulted in one class with 1,171,725
particles with high-resolution features. The particles from this class
were further cleaned using 2D classification and then subjected to
non-uniform refinement (942,263 particles). The aligned particles
wereimported into RELION and sorted using 3D classification without
alignment (eight classes), which revealed one class containing density
forthe TMregion with high-resolution features. The particles (158,666)
were then subjected to local refinement in RELION, yielding a map
(Map 1a) with anominal resolution of 3.4 A (Supplementary Fig. 2b).

To obtain high-resolution maps of MCE rings 2-4 and MCE rings
5-7,the1,793,362 particles from the initial 2D classification step were
Fourier croppedto aboxsize of 128 px. The particles were sorted using
heterogeneous refinement (five classes) in cryoSPARC, which revealed
only oneclass where LetBis straight rather than curved. The particles
fromthis class (448,403) were re-extracted (box size of 512 px), aligned
using non-uniformrefinement and imported into RELION. The aligned
particles underwentlocal refinement, followed by particle subtraction
toyield signal for either MCE rings 2-4 or MCE rings 5-7. During particle
subtraction, the subtracted images were recentred to the middle of
the box, whichwas cropped to either 360 px (MCE rings 2-4) or 256 px
(MCE rings 5-7). The two particle-subtracted stacks were imported into
cryoSPARC, where the particles were subjected to reference-free 3D
classification using ab initio reconstruction (three classes) to remove
misaligned and ‘junk’ particles. The particles from the selected class
were aligned using non-uniform refinement, and then imported into
RELION for 3D classification without alignment (eight classes). The
classes with the highest resolution features were selected, their parti-
clescombined before being importedinto cryoSPARC for non-uniform
refinement to improve the densities for both the MCE core domains
and the pore-liningloops®, resultingin Map 1b (rings 2-4) and Map 1c
(rings 5-7). All refinement steps were performed without symmetry
applied (C1).

During the model-building process, initial reports describing Alpha-
Fold2 (ref.58) and Rose TTAFold*® became public. To accelerate model
building for LetAB, RoseTTAFold*® was used to predict the 3D structure
of LetA. The model was fit as a rigid body into the LetA density in Map
1a, followed by rigid body fitting of TMD (amino acids 66-218), TMD®
(amino acids 261-418), ZnR" (amino acids 24-65) and ZnR® (amino
acids 219-261). Residues 1-26 and 419-427 were deleted due to the
absence of density for them. As our ICP-MS data suggest LetA binds
to zinc, we used Coot (v0.8.9.2)°° to add zinc ligands to the densities
foundinbetween the predicted metal-coordinating cysteines. To build
the model for MCE rings 1-2, PDB 6V0OJ was used as a starting model,
as it best matches the density in Map 1a. The model was first fitas a
rigid body into the density corresponding to LetB, followed by rigid
body fitting of each MCE domain. The pore-lining loops of MCE ring 1
exhibit C3 symmetry. Densities for four out of six TM helices of LetB
were observed, and those helices were manually built using Coot. Resi-
dues (25-45) of aLetB TM helix (chain B) were stubbed due to the lack
of side-chain density.

ForMaps1bandic,PDB6VOF and PDB 6VOE, respectively, best fitinto
the density after rigid body docking. Each MCE domain was rigid-body
fit into the density. The pore-lining loops of rings 5 and 6 exhibit C3
symmetry. Extra densities that do not correspond to the protein are
present near the pore-lining loops between rings 5-6 and rings 6-7,
but the resolution is too low to determine the identity of the ligand.
Therefore, ligands were not modelled into these densities. It is possible
thatthese densities represent non-native ligands, such as DDM from the
sample buffer. Each modelwasreal space refinedintoits respective map
using PHENIX® with global minimization, Ramachandran, secondary
structure and ligand restraints. Using UCSF Chimera®2, Maps laand 1c
were fit into map 1b and resampled such that the maps overlaid with
oneanother. These maps were thenused tostitch together the models.
The MCE ring 2 model from map 1b (instead of the one from map 1a)
was used to generate the composite model as this map had complete
density for MCE ring 2. The resulting composite model was used as a
template to generate acomposite density map (map 1) using the PHE-
NIX Combine Focused Maps module. The model was real space refined
into map 1 using PHENIX with global minimization, Ramachandran,
secondary structure and ligand restraints.

For validation, statistics regarding the final models (Extended Data
Table 1) were derived from the real_space_refine algorithm of PHENIX
and MolProbity®*, EMRINGER®* and CaBLAM® from the PHENIX pack-
age® were used for model validation. Directional Fourier shell cor-
relations (FSCs) were computed using 3DFSC®. Model correlations
to our electron microscopy maps were estimated with correlation
coefficient (CC) calculations and map model FSC plot from the PHENIX
package.

We used this model to assess the conformation of the LetB MCE rings
via CHAP®. MCE rings 3, 5 and 6 are in a single, closed conformation,
whereas the conformation of rings 2, 4 and 7 could not be reliably
assessed due to weak density for the pore-liningloops (Extended Data
Fig.1g). However, as the different segments of LetB were processed
separately (Supplementary Fig. 2a), it is unclear if the conformations
ofrings1,3,5and 6 are correlated.

Cryo-EM structure of uncrosslinked LetAB

Dataprocessing workflow for the uncrosslinked LetAB sample is shown
in Supplementary Fig. 3e. Acombination of cryoSPARC (v3.3.1-4.3.0)
and RELION (v4.0-beta) were used for data processing. Particle pick-
ing was performed in RELION on the motion-corrected micrographs
generated by the New York Structural Biology Center using MotionCor2
(ref. 68). 2D templates were generated for auto-picking on manually
picked particles. The particles (3,014,365 at 0° tilt; 3,960,481 at —-30°
tilt) wereimported into cryoSPARC and re-extracted (600 px, Fourier
cropped to 100 px) from Patch CTF-corrected micrographs generated
within CryoSPARC (gain normalized, drift corrected, summed, binned
2xand dose weighted using the cryoSPARC Patch Motionmodule). The
particles underwent several rounds of 2D classification (200 classes)
with force max over poses/shifts set to false. Well-aligned 2D classes
were selected, resulting in 1,582,691 particles at 0° tilt and 1,918,023
particles at 30° tilt. The particles were combined, sorted by 2D clas-
sification, and the selected particles were re-extracted (512 px). The
particles (2,658,362) were then aligned by non-uniform refinement
(C6 symmetry applied) and imported into RELION, where they were
subjected tolocal refinement with C6 symmetry relaxation applied. The
signal for MCE rings 2-7 was removed using the Particle Subtraction
module. The subtracted images were recentred so that the signal for
LetA + MCE rings 1-2 was in the middle of the box, which was cropped
t0 256 px. The subtracted particles wereimported into cryoSPARC and
sorted by several rounds of 2D classification (200 classes) to remove
misaligned and ‘junk’ particles. The particles were further sorted using
theabinitio reconstruction (five classes, three rounds) toyield 1,131,012
‘clean’ particles, which were then aligned using non-uniform refine-
ment. The particles were imported into RELION for 3D classification
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without alignment and with a mask around LetA, which revealed a
class showing high-resolution features. The particles were imported
into cryoSPARC for non-uniform refinement. To continue filtering out
low-resolution particles, the particles were sorted by 3D classification
withoutalignmentin RELION, followed by non-uniform refinementin
cryoSPARC, two additional times. After non-uniform refinement, the
particles underwentlocal refinementin cryoSPARC to yield amap with
anominal resolution of 3.4 A (Map 2a; Supplementary Fig. 3b).

Toobtain high-resolution maps of MCE rings 2-4 and MCE rings 5-7,
the 2,658,362 particles from theinitial 2D classification step were sorted
using heterogeneous refinement (five classes), which revealed only
oneclass where LetBis straight rather than curved. The particles from
this class (738,470) were aligned using non-uniform refinement with
symmetry applied, and imported into RELION. The aligned particles
underwentlocal refinement, followed by particle subtractiontoyield
signal for either MCE rings 2-4 or rings 5-7. During particle subtraction,
the subtracted images were recentred to the middle of the box, which
was croppedto either 360 px (MCE rings 2-4) or 256 px (MCE rings 5-7).
The two particle-subtracted stacks were imported into cryoSPARC,
where the particles were sorted using ab initio reconstruction (three
classes) to remove misaligned and ‘junk’ particles. The classes with
high-resolution features were selected and the particles were aligned
using non-uniformrefinement, and thenimportedinto RELION for 3D
classification without alignment (eight classes). The classes with the
highest resolution features were selected, their particles combined and
imported into cryoSPARC for non-uniformrefinement toimprove the
densities for both the MCE core domains and the pore-lining loops®,
resulting in Map 2b (MCE rings 2-4) and Map 2¢ (MCE rings 5-7).

The crosslinked LetAB model was used to build the model for
uncrosslinked LetAB. LetA was rigid body fit into the LetA density in
Map 2a. An additional ‘wishbone’-shaped density was observed in the
central cavity of LetA that is consistent with the size and shape of a
diacyl phospholipid. A similar density is observed in the crosslinked
structure, butitisless well resolved, possibly due to the sample under-
going an additional size-exclusion step that resulted in decreased lipid
occupancy or due to glutaraldehyde altering the binding site. Because
the density was insufficient to unambiguously assign the head group
structure and fatty acid chain lengths, we modelled this density as
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (PDB ligand PEF, PE
16:0/16:0), which is an abundant phospholipid speciesin the E. coliinner
membrane. Atoms not well accommodated in the observed density
were pruned from the ligand. The MCE ring 1 model from Map 1a was
rigid body docked into Map 2a. The individual MCE domains were then
rigid body fitinto the map. The model was real space refined into Map
2ausing PHENIX with global minimization, Ramachandran, secondary
structure and ligand restraints. To build amodel for rings 2-4 and rings
5-7, the models from Map 1b and Map 1c were rigid body fit into Map
2b and Map 2c, respectively. Each MCE domain was rigid body fit into
the map. LetB residues 614-619 were deleted from the model due to
poor density in the map. Similar to the crosslinked LetAB model, the
pore-liningloops of rings 1,5 and 6 exhibit C3 symmetry. Extra densities
are present near the pore-lining loops between MCE rings 5-6 and rings
6-7.Astheresolutionis toolow to determine theidentity of the ligand,
the extra densities were left unmodelled. Each model was real space
refined into its respective map using PHENIX with global minimization,
Ramachandran, secondary structure and ligand restraints. Using UCSF
Chimera, Maps2aand 2c were fitinto Map 2b and resampled such that
the maps overlaid with one another. These maps were then used to
stitchtogether the models. The MCE ring 2 model from Map 2b was used
to generate the composite model as this map had complete density for
MCE ring 2. The resulting composite model was used as a template to
generate acomposite density map (Map 2) using the vop commandin
ChimeraX. The model was refined using Phenix.real_space_refineinto
Map 2 with global minimization, Ramachandran, secondary structure
and ligand restraints.

For validation, statistics regarding the final models (Extended Data
Table 2) were derived from the real_space_refine algorithm of PHENIX
and MolProbity®®, EMRINGER®* and CaBLAM® from the PHENIX pack-
age® were used for model validation. Directional FSCs were computed
using 3DFSC®. Model correlations to our electron microscopy maps
were estimated with CC calculations and map model FSC plot from
the PHENIX package.

The overall backbone conformation of LetA is similar in both struc-
tures (root mean square displacement (RMSD) of 0.787 A across 3,123
atoms). For LetB, the overall backbone conformationis also similarin
bothsstructures (RMSD of 2.28 A across 38,379 atoms; Extended Data
Fig.1le). The main difference is that in the crosslinked complex, the
distance between eachringin MCE rings 3-7is shorter relative to their
positionsintheuncrosslinked LetAB structure. This difference may be
an effect of glutaraldehyde crosslinking or reflect fluctuations in the
LetB structure that occur in the periplasm.

Sequence alignment

LetA and PqiA proteins are widespread across Proteobacteria. Using
the E. coliLetA sequence, we performed a protein BLAST to search for
LetA and PqiA proteins across the orders within each of the five classes
of Proteobacteria. Only sequences that contained both LetA modules
were considered. We then performed a tblastn search using the core
nucleotide database and the specified organism to determine whether
thegeneisinanoperonwith letB or pqiB, which would indicate whether
the querysequenceisaletA or pgiA gene, respectively. LetB and PqiB can
beidentifiedbased onsequencelengthand AlphaFold2 prediction; LetB
hassix, seven or eight MCE domains, whereas pqiB has three. Through
thismethod, we identified 20 sequences, inwhich9 are LetA and 11are
PqiA proteins. The LetA sequences are from Gammaproteobacteria,
whereas PqiA are from Alphaproteobacteriaand Betaproteobacteria.
The sequences were aligned using MUSCLE (v3.8.31)® and annotated
using Jalview (v2.11.3.3)™.

To generate asequence alignment for LetB proteins, we performed
aprotein BLAST to search for sequences across the orders of Gam-
maproteobacteria. We then performed a tblastn search using the core
nucleotide database and the specified organismto determine whether
the geneis in an operon with letA. The resulting 20 sequences corre-
spond to structures containing 6, 7 or 8 MCE rings and were aligned
using MUSCLE®. This alignment was used to generate a sequence
logo using WebLogo3. The Uniprot IDs used to generate the sequence
alignment are: P76272 (E. coli), AOA4Y5YG70 (Shewanella polaris),
AOAIN7PAF3 (Neptunomonas antarctica), AOASC6QK63 (Colwellia
hornerae), AOA4P6P630 (Litorilituus sediminis), AOA7W4Z577 (Litoriv-
ivenslipolytica), AOA4P7)Q50 (Thalassotalea sp. HSM43), AOA1Q2M9)7
(Microbulbifer agarilyticus), AOA2R3ITY9 (P. aeruginosa), AOA2Z311J2
(Gammaproteobacteria bacterium ESL0O073), AOAO90IGL8 (Moritella
viscosa), AOAOX1IKWUO (Vibrio cholerae), Q6LQU6 (Photobacterium
profundum), P44288 (Haemophilus influenzae), AOA2USI7C7 (Can-
didatus Fukatsuia symbiotica), AOAO85GCRS (Buttiauxella agrestis),
AOAS8E7UPQI (Salmonella enterica), AOASBH8Z9P5 (Shigella flexneri),
D4GG77 (Pantoea ananatis) and B2V)84 (Erwinia tasmaniensis).

DMS

Alibrary containing all the possible single amino acid mutantsin LetA
(n=28,540) was synthesized by Twist Bioscience. Apart from the engi-
neered mutations, these plasmid variants were identical to pBEL2071,
whichrefactored LetA and LetB as two non-overlapping openreading
frames, as they overlap by 32 bp in their native genomic context. The
WT LetAB plasmid was spiked into the library such that approximately
2.5% of LetA sequences in the input library were WT. Our LetA mutant
library was divided into four approximately 325-bp sub-libraries
(codons1-104,105-208,209-320 or 321-427) due to lllumina sequenc-
ing length limitations. The sub-libraries were then handled indepen-
dently. Twoindependentbiological replicates of the DMS experiments
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described below were performed starting from these sub-libraries. A
AletAB ApqiAB strain, bBEL384, was transformed by electroporation
with each sub-library and grown overnight at 37 °C in LB containing
200 pg ml™ carbenicillin. We obtained approximately 2 x 10°
colony-forming units (CFU) for each sub-library. For the replicate
experiment, approximately1x 10’ CFU was obtained. The cultures were
diluted 1:20 into fresh LB media containing 100 pg ml™ carbenicillin
and 50 pg ml™! kanamycin and shaken (200 rpm) at 37 °C until
0D600 = approximately 1. The cultures were plated on LB (DF0445-07-
6,BD Difco) +100 pg ml™ carbenicillin (‘no selection’), LB + 100 pg mi™*
carbenicillin + 0.105% LSB (‘selection’), or LB +100 pg ml™ carbenicil-
lin + 8% cholate (‘selection’). After overnight incubation on the no
selection and selection plates, colonies from each condition were
separately scraped and pooled, plasmids were extracted and amplicons
were generated by PCR. The amplicons from each sub-library were
then pooled in equimolar amounts to generate the no selection and
selection samples. The NEBNext Ultra Il Library Prep kit (E7645, New
England Biologs) was used to generate the library for Illumina MiSeq
2 x 250 paired-end sequencing. Paired-end sequencing data were
mapped to areference WT LetA sequence using the bowtie2 (ref. 71)
algorithm (v2.4.1), filtered with samtools (v1.9)7 (flags -2 -q 42), and
overlapping paired ends were merged into asingle sequence with PAN-
DAseq (v2.11)7. Finally, primer sequences used for amplicon amplifica-
tion were removed using cutadapt (v1.9.1)’*. Processed and merged
reads were then analysed using custom Python scripts to count the
frequency of the LetA variants™. In brief, DNA sequences were filtered
bylength, removing any sequence larger or smaller than the length of
the expected library. Next, sequences were correctly oriented to the
proper reading frame and translated to the corresponding protein
sequence. Finally, the frequency of each amino acid variant at every
positionwas counted and the counts were normalized to the sequenc-
ing depth as read counts per million. Normalized LetA variant counts
were thenused for calculation of the relative fitness value (AE;"), which
isdefined as the log frequency of observing each amino acid xateach
positioniinthe selected versus the non-selected population, relative
to the WT amino acid (30). The equation for this calculation is as fol-

lows:
fx,sel fWT,sel
Ab-fx: IOg[f)l(,unsel - IOg f\lNT,unsel (1)
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For cholate selection, we found that the square of the Pearson cor-
relation coefficient (r*) between two biological replicates tobe * = 0.897
(Extended Data Fig. 4b). For LSB selection, the square of the Pearson
correlation coefficient is * = 0.786. These coefficients indicate that
replicates are in agood agreement with one another. We were able to
extract meaningful fitness information for 8,478 of 8,540 variants for
cholate and 8,504 of 8,540 variants for LSB. Meaningful fitness infor-
mation for amutation could not be extracted if counts were not present
ineither the unselected or selected dataset. For example, many muta-
tions at position 51 had no sequence coverage due to poor representa-
tion of residue 51 mutations in the synthesized library. The relative
fitness values exhibited abimodal distribution, in which the two modes
represent the neutral and deleterious mutant groups (Extended Data
Fig. 4c). We established a cut-off to identify mutations with relative
fitness values that are substantially different from the median (0) by
calculating the modified Z-score (M,)” for each mutation using equa-
tions (2) and (3), where x; is a single data value, X is the median of the
dataset, and MAD is the median absolute deviation of the dataset:

_ 0.6745(x; - X) @)
- MAD
MAD = median{|x; - X[} (3)

As modified Z-scores with an absolute value of greater than 3.5 are
potential outliers’, mutations with a Z-score of less than 3.5 and
more than 3.5 were considered to be deleterious or advantageous,
respectively, to LetA function. For eachresidue, we calculated a toler-
ance score based on the number and types of amino acid substitutions
that are tolerated. The tolerance scores were calculated by using a
modified version of the Zvelebil similarity score’”’8, which is based on
counting key differences between amino acids. Each mutationis given
astarting score of 0.1. For each key difference (that s, ‘small’, ‘aliphatic’,
‘proline’, ‘negative’, ‘positive’, ‘polar’, ‘hydrophobic’ and ‘aromatic),
ascore of 0.1is given, such that mutations to dissimilar amino acids
(for example, alanine to arginine) contribute more to the score. If the
mutationistolerated based on our modified Z-score cut-off, the score
for that particular mutationis added to astarting score of 0.1. For each
sequence position, the scores for tolerant mutations were summed,
then divided by the maximum score possible. A score of 1.0 therefore
indicates full tolerance in that position, a score of 0 denotes no toler-
ance, and in-between scores suggest different levels of tolerance for
thataminoacid type. Alow tolerance score may indicate that mutations
atagivenresidue positionimpactLetA transport function, or resultin
misfolded protein and/or lower protein expression levels.

In the cholate dataset, 3 of the 53 residues with tolerance scores
of less than 0.7 do not cluster in the three main groups (ZnRs, polar
network and outwards-open pocket). The residues are A128, F141 and
A272.1n the LSB dataset, 2 of the 37 residues with tolerance scores of
less than 0.7 are located outside of the three main clusters: 1131 and
F141.F141is considered functionally important in both datasets, but it
isunclear what itsrole s, as this residue appears isolated in the mem-
brane. Residues A272 and I131 interact with residues in the LetB TM
helices, potentially stabilizing interactions between LetA and LetB in
the membrane. As residue A128 precedes the helical ‘break’ of TM3in
TMDN, this position may only tolerate small hydrophobic residues to
maintain the structural integrity of LetA.

Complementation assays

letA-knockout and letB-knockout strains were constructed in the
E. coli K-12 BW25113 ApqiA background by P1 transduction from cor-
responding strains of the Keio collection’, followed by excision of
the antibiotic resistance cassettes using pCP20 (ref. 80). To test the
effect of letA (bBEL620), letB (bBEL621) and letAB (bBEL609) deletion
mutants on cell viability, overnight cultures grown in LB were diluted
1:50 into fresh LB without antibiotics. The knockout strains carrying
pET17b-letAB (Addgene #175804) or its mutants were grown in the
presence of 100 pg ml™ carbenicillin. Cultures were grown for =1.5 hat
200 rpmand 37 °C until reaching an OD600 of approximately 1.0, then
normalized to a final OD600 of 1.0 with fresh LB. From these normal-
ized cultures, tenfold serial dilutions in LB were prepared in a 96-well
plate, and 1 pl of each dilution was spotted onto plates containing LB
agar, or LBagar supplemented with either LSB or sodium cholate. The
source of LBagar used influenced the LSB and cholate phenotypes, and
our agar was prepared from the following components: 10 g tryptone
(211705, Gibco), 10 g NaCl (S3014, Sigma-Aldrich), 5 g yeast extract
(212750, Gibco) and 15 g agar (214530, BD Difco) per 11 of deionized
water. Plates were incubated approximately 18-20 hat 37 °Cand then
imaged using a ChemiDoc XRS+ System (Bio-Rad). Stock solutions of
LSB (5% w/v) and sodium cholate (40% w/v; A17074.18, Thermo Fisher)
were prepared in deionized water and stored at —80 °C. At least three
independent transformants were used to perform replicates for each
phenotypic assay.

Small-scale pull-down assays

Plasmid pBEL1284 was transformed into OverExpress C43 (DE3)
cells (Lucigen). The letA or letB regions were mutated using Gibson
assembly. Whole-plasmid sequencing was performed by Plasmid-
saurus using Oxford Nanopore Technology with custom analysis and



annotation. Overnight cultures (LB, 100 pg ml™ carbenicillin and 1%
glucose) were diluted into 20 ml LB (Difco) supplemented with car-
benicillin (100 pg ml™), grown at 37 °C with shaking to an OD600 of
approximately 0.9, and then induced by addition of arabinose to a
final concentration of 0.2%. Cultures were further incubated at 37 °C
withshaking for 4 h, and then harvested by centrifugation. The pellets
wereresuspended in1ml of lysozyme resuspension buffer (50 mM Tris
pH 8.0,300 mM NaCl, 1 mg ml*lysozyme, 25 U ml™ benzonase and
1mMTCEP) and wereincubated for1hat4 °C. The cellswerelysed with
eightcycles of afreeze-thaw method, inwhich samples areimmersed
in liquid nitrogen until fully frozen and then thawed in a 37 °C heat
block. The lysate containing crude membrane fractions was centri-
fuged at 20,000g for 15 min, and resuspended in 250 pl of membrane
resuspension buffer (50 mM Tris pH 8.0, 300 mM NaCl, 10% glycerol,
25 mMDDMand1 mM TCEP), and shaken for 1 h. The sample volume was
thenincreased to 1 mlwith 10 mM imidazole wash buffer (50 mM Tris
pH8.0,300 mMNaCland10 mMimidazole) and insoluble material was
centrifuged at 20,000g for 15 min. Each supernatant was then mixed
with 25 pl of nickel Ni Sepharose Excel resin (Cytiva) for 30 min. The
beadswere centrifuged at 500gfor1 minand the supernatantremoved.
The beads were then washed four times with 40 mM imidazole wash
buffer (50 mM Tris pH 8.0,300 mM NacCl, 40 mM imidazole, 10% glyc-
erol,0.5mM DDM and 1 mM TCEP) and finally resuspended in 50 pl of
elution buffer (50 mM Tris pH 8.0,300 mM NacCl, 300 mM imidazole,
10% glycerol, 0.5 mM DDM and 1 mM TCEP). The beads were removed
by passing through an Ultrafree centrifugal filter (10,000g for 1 min) at
4 °C.Thesamples were then mixed with 5x SDS-PAGE loading buffer,
and analysed by SDS-PAGE and stained using InstantBlue Protein Stain
(ab119211, Abcam). Three replicates of the experiment were performed,
fromindependently purified proteins.

To obtain membrane fractions without cell debris, lysed samples
were centrifuged at16,000gfor 10 min at4 °C. The supernatant was col-
lected and the membrane fraction wasisolated by ultracentrifugation
inaTLA120.2rotor (100,000 rpmfor15 minat4 °C). The supernatant
was removed, the pellet resuspended in 500 pl of membrane resus-
pension buffer, shaken for 1 hat 4 °C, and 500 pl of 20 mM imidazole
wash buffer (50 mM Tris pH 8.0,300 mM NaCl,20 mMimidazole,10%
glycerol, 0.5 mM DDM and 1 mM TCEP) was added. The samples were
then purified using affinity resin as described above.

Generation of LetA monoclonal antibodies

Plasmid pBEL2214 was transformed into Rosetta (DE3) cells (Novagen)
for protein expression, and overnight cultures were grownin LB supple-
mented with carbenicillin (100 pg ml™), chloramphenicol (38 pg ml™)
and1%glucose at 37 °C. The overnight cultures were diluted 1:50 in fresh
LB media supplemented with carbenicillin (100 pg mI™) and chloram-
phenicol (38 pg ml™). Uponreachingan OD600 of approximately 0.9,
protein expression was induced with the addition of L-arabinose to a
final concentration of 0.2%. Cells were cultured for anadditional 4 hat
37 °C with shaking, and then harvested by centrifugation. The pellets
were resuspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl
and 10% glycerol) flash frozen in liquid nitrogen and stored at —-80 °C.
Cells were lysed by three passes through an Emulsiflex-C3 cell disrup-
tor (Avestin), then centrifuged at 15,000g for 30 min at 4 °C to pellet
cell debris. The clarified lysate was subjected to ultracentrifugation
at 37,000 rpm (182,460g) for 45 min at 4 °C in a Fiberlite F37L-8 x100
Fixed-Angle Rotor (096-087056, Thermo Fisher Scientific), and the
membrane fraction was solubilized in 50 mM Tris pH 8.0,300 mM NaCl,
10% glycerol and 25 mM DDM by rocking overnight at 4 °C. Insoluble
debris was removed by ultracentrifugationat 37,000 rpm for 45 min at
4 °C.Solubilized membranes were then passed twice through acolumn
containing NiSepharose resin (Cytiva). Eluted proteins were exchanged
into low-salt buffer 20 mM HEPES, pH 7.0, 25 mM NaCl, 0.5 mM DDM
and 10% glycerol) using an Amicon Ultra-0.5 Centrifugal Filter Unit
concentrator (MWCO 30 kDa, UFC503008) before injection into a

Mono S 5/50 GL column (Cytiva). The column was eluted using a salt
gradient from 25 mMto 1.5 M NaCl over 40 column volumes. The eluted
proteins containing LetA were concentrated using an Amicon Ultra-0.5
Centrifugal Filter Unit concentrator (MWCO 30 kDa, UFC503008)
before separationinaSuperdex200 Increase 10/300 column (Cytiva)
equilibrated in gel-filtration buffer (50 mM Tris-HCI pH 8.0,150 mM
NaCl, 0.5 mM DDM and 10% glycerol).

To generate LetA rat monoclonal antibodies, three 6-week-old
Sprague Dawley female rats (Taconics) were immunized with purified
LetA protein (100 pg per animal per boost for five boosts). Immune
response was monitored by ELISA to measure the serum anti-LetA
IgG titre from blood samples. After a 60-day immunization course,
theratwiththe strongest anti-LetAimmune response was terminated
and 108 splenocytes were collected for making hybridomas by fusing
with the rat myeloma cell line YB2/0, following the standard method®.
All procedures were approved by the Cold Spring Harbor Laboratory
Institutional Animal Care and Use Committee.

To select monoclonal antibodies, supernatants collected from
individual hybridoma culture media were screened by ELISA to iden-
tify hybridoma clones positive for LetA. Positive hybridoma colonies
were then isolated and seeded to establish pure hybridoma clones
from single-cell colonies. For ELISA, purified LetA or negative con-
trol protein streptavidin diluted in LetA storage buffer (20 mM Tris
pH8,150 mM NaCl,10% glycerol and 0.5 mM DDM) were coated (50 ng
per well) on ELISA plates (464718, Thermo Fisher Scientific) follow-
ing the manufacturer’s instructions. Before adding the hybridoma
supernatant, the coated plate was blocked with LetA storage buffer
(20 mM Tris pH8, 150 mM NaCl, 10% glycerol and 0.5 mM DDM) con-
taining 0.5% bovine serum albumin (BSA) at 4 °C for 6 h. After block-
ing, hybridoma supernatants diluted in LetA buffer (1:1dilution) were
added to the ELISA plate and incubated at room temperature for1h,
followed by three times of extensive wash with LetA buffer. The sec-
ondary antibody (112-035-003, Jackson ImmunoResearch for anti-rat
IgG horseradish peroxidase (HRP)) was then added and incubated at
room temperature for 30 min, followed by three times of extensive
wash with LetA buffer. Chromogenic binding signal was developed by
using3,3’,5,5’-tetramethylbenzidine ultraas the HRP substrate (34028,
Thermo Fisher Scientific) following the manufacturer’s instructions.
Data were collected by measuring the absorbance at 450 nm with a
platereader (Cytation 5, Agilent). The ELISA assay revealed 23 antibody
clonestobestrongbinders of LetA, and two were found to detect LetA
in cell lysates via western blotting (clones 45 and 72). Clone 45 recog-
nizesanepitopeinthe ZnR domains, and canalso recognize PqiA. The
epitoperecognized by clone 72 isin the N-terminal extension of LetA,
and does not appear to cross-react with PqiA.

Western blotting

To test for protein expression in the strains used for the complemen-
tation assays, 5 ml cultures of E. coli strains ApgiAB (bBEL385), AletAB
(bBEL466) and ApqiAB AletAB (bBEL609) containing each comple-
mentation plasmid were grown to an OD600 of approximately 1. For
plasmid-containing strains, the cultures were supplemented with car-
benicillin (100 pg ml™). The cells were centrifuged at 4,500g for 10 min
andresuspendedin1ml of freeze-thaw lysis buffer (PBS pH7.4,1mg ml™*
lysozyme and 1 ul ml™ of benzonase (Millipore)), and incubated onice
for1h.Thecellswerelysed with eight cycles of afreeze-thaw method,
inwhichsamples areimmersedinliquid nitrogen until fully frozen and
thenthawedina37 °Cheatblock. Afterlysis, the cells were centrifuged at
approximately 20,000g for 15 min and the pellets were resuspended in
100 pl of SDS-PAGE loading buffer. Each sample (10 pul) was separated
onanSDS-PAGE gel and transferred to anitrocellulose membrane using
the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). The mem-
branes were blocked in PBS Tween20 (PBST; 1X PBS + 0.1% Tween20)
containing 5% milk for 1 h at room temperature. To probe LetA, the
membranes were incubated with primary antibody in PBST + 5% BSA,
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either rat monoclonal anti-LetA clone 45 or clone 72 at a final concen-
tration of 0.5 ug mi™or 2 pg ml™, respectively. To probe LetB or BamaA,
membranes were incubated with rabbit polyclonal anti-LetB (1:10,000
dilution) in PBST + 5% BSA or rabbit polyclonal anti-BamA® (1:2,000
dilution) in PBST + 5% BSA, respectively. His-tagged and Strep-tagged
proteins were probed using mouse penta-His (1:500 dilution; 34660,
Qiagen) and rabbit Strep tag monoclonal (GT661, 1:5,000 dilution;
PA5-114454, Thermo Fisher) antibodies, respectively. Membranes
were incubated in primary antibody solution for either 2 h at room
temperature or overnight at4 °Cwith agitation. The membranes were
then washed three times with PBST and incubated with goat anti-rat
IgG IRDye 680RD (1:5,000 dilution; 926-68076, LI-COR Biosciences),
goat anti-rat IgG IRDye 800CW (1:10,000 dilution; 926-32219, LI-COR
Biosciences), goat anti-rabbit IgG IRDye 680CW (1:10,000 dilution;
926-68071, LI-COR Biosciences), goat anti-mouse IgG IRDye 680CW
(1:5,000 dilution; 926-68070, LI-COR Biosciences) or goat anti-rabbit
IgG IRDye 800CW (1:10,000 dilution; 925-32211, LI-COR Biosciences)
secondary antibodies in Intercept (TBS) blocking buffer (927-60003,
LI-COR Biosciences) for 1 h at room temperature with agitation. The
membranes were then washed three times with PBST and imaged on
aLI-COR Odyssey Classic.

ICP-MS

Plasmid pBEL1284 was modified to encode only LetA with a C-terminal
2xQH-7xHis tag toyield pBEL2214. The plasmid was transformed into
Rosetta (DE3) cells (Novagen) for protein expression and overnight cul-
tures were grown in LB supplemented with carbenicillin (100 pg ml™),
chloramphenicol (38 pg ml™) and 1% glucose at 37 °C. The overnight
cultures were diluted 1:50 in fresh LB media supplemented with car-
benicillin (100 pg ml™) and chloramphenicol (38 pg mi™). Uponreach-
ing an OD600 of approximately 0.6, the media were supplemented
with 1X metals (50 pM FeCl;, 20 pM CacCl,, 10 uM MnCl,, 10 uM ZnS0,,
2 pM CoCl,, 2 pM CuCl,, 2 pM NiCl,, 2 pM Na,MoO,, 2 pM Na,SeO; and
2 UM H;BO;) and protein expression was induced with the addition of
L-arabinose to a final concentration of 0.2%. Cells were cultured for
an additional 4 h at 37 °C with shaking, and then harvested by cen-
trifugation. The pellets were resuspended in lysis buffer (50 mM Tris
pH 8.0,300 mM NaCl, 10% glycerol and 1 mM TCEP), flash frozen in
liquid nitrogen and stored at —80 °C. Cells were lysed by three passes
through an Emulsiflex-C3 cell disruptor (Avestin), then centrifuged
at15,000g for 30 min at 4 °C to pellet cell debris. The clarified lysate
was subjected to ultracentrifugation at 37,000 rpm (182,460g) for
45 minat4 °CinaFiberlite F37L-8 x100 Fixed-Angle Rotor (096-087056,
Thermo Fisher Scientific), and the membrane fraction was solubilized
in 50 mM Tris pH 8.0, 300 mM NacCl, 10% glycerol, 25 mM DDM and
1mMTCEP by rocking overnight at 4 °C. Insoluble debris was removed
by ultracentrifugation at 37,000 rpm for 45 min at 4 °C. Solubilized
membranes were then passed twice through a column containing Ni
Sepharose Excel resin (Cytiva). Eluted proteins were concentrated
using the Amicon Ultra-0.5 Centrifugal Filter Unit concentrator (MWCO
30 kDa, UFC503008) before separation onthe Superdex 200 Increase
10/300 column (Cytiva) equilibrated in gel-filtration buffer (50 mM
Tris-HCI pH 8.0, 150 mM NacCl, 0.5 mM DDM, 10% glycerol and 1 mM
TCEP). LetA concentrations were quantified by gel densitometry using
BSA standards.

Samples for ICP-MS analysis were prepared by adding 0.1 ml
trace-metal-grade nitric acid to 1.9 ml of protein sample as provided.
Samples were analysed using a Perkin ElImer NexION 350D ICP mass
spectrometer. All liquid samples were infused into the nebulizer via
peristaltic pump at 0.3 ml min™. For full-scan elemental analysis, the
instrument ‘TotalQuant’ method was used, using factory response
factors. For quantitative analysis of zinc, calibrators were prepared
by dilution of certified single-element standard (Perkin Elmer) with
5% nitric acid, and these were used to generate a standard response
curve. Except for zinc, none of the 79 other elements tested, such as

iron, nickel and cobalt, was enriched in the protein sample relative to
the buffer control. These results suggest that the ZnR domains of LetA
bind to zinc, although we note that the metal-binding properties of
similar ZnR proteins can be sensitive to the experimental conditions®.

BPA crosslinking assays
OverExpress C43 (DE3) cells were transformed with plasmids to
express LetAB (either WT or mutant forms derived from pBEL1284)
or LetB (either WT or mutant forms derived from pBEL2782). The
cells were co-transformed with pEVOL-pBpF (Addgene #31190) to
encode a tRNA synthetase-tRNA pair for the in vivo incorporation
of p-benzoyl-L-phenylalanine (BPA; F-2800.0005, Bachem) in E. coli
proteins at the amber stop codon TAG®. Bacterial colonies were
inoculated in LB supplemented with carbenicillin (100 pg ml™) and
chloramphenicol (38 pg mi™) and grown overnight at 37 °C. The fol-
lowing day, bacteriawere centrifuged and resuspended in *?P labelling
medium (a low phosphate minimal media that we optimized starting
from LS-5052 (ref. 83): 1 mM Na,HPO,, 1 mM KH,PO,, 50 mM NH,ClI,
5mM Na,SO,, 2 mM MgSO0,, 20 mM Na,-succinate, 0.2x trace metals
and 0.2% glucose) supplemented with carbenicillin (100 pg ml™) and
chloramphenicol (38 pg ml™) and inoculated 1:33in 20 ml of the same
medium. Bacteria were grownto OD600 = approximately 0.6-0.7 and
afinal concentration of 0.2% L-arabinose, 0.5 mM BPA and 500 pCi **P
orthophosphoric acid (NEX053010MC, PerkinElmer) were added and
lefttoinduce overnight at room temperature with shaking (220 rpm).
The following day, the cells were harvested by centrifugation (4,500g
for10 min) and resuspendedin1mlof PBS (pH 7.4), and the ‘crosslinked’
samples underwent crosslinking by treatment with365nM UVina
Spectrolinker for 30 min. Both the crosslinked and uncrosslinked
cells were centrifuged (6,000g for 2 min) and resuspended in 1 ml
of lysozyme resuspension buffer (50 mM Tris pH 8.0, 300 mM NacCl,
1mg ml™lysozyme and 25 U ml™ benzonase) and were incubated for
1hat4 °C.The cells then underwent eight cycles of freeze-thaw lysis
by alternating between liquid nitrogen and a 37 °C heat block. The
lysate was centrifuged at 20,000g for 15 min, and the pellets were resus-
pended in 250 pl of membrane resuspension buffer (50 mM Tris pH
8.0,300 mM NaCl, 10% glycerol and 25 mM DDM) and shaken for 1 h.
The sample volume was then increased to 1 ml with 10 mM imidazole
wash buffer (50 mM Tris pH 8.0, 300 mM NaCl and 10 mM imidazole)
and insoluble material was removed by centrifugation at 20,000g for
15 min. Each supernatant was then mixed with 50 pl of Ni Sepharose
Excelresin (Cytiva; 50% slurry) for 30 min. The beads were centrifuged
at 500g for 1 min and the supernatant removed. The beads were then
washed four times with 40 mM wash buffer (50 mM Tris pH 8.0,300 mM
NaCl, 40 mM imidazole, 10% glycerol and 0.5 mM DDM) and finally
resuspended in 50 pl of elution buffer (50 mM Tris pH 8.0,300 mM
NaCl, 300 mMimidazole,10%glyceroland 0.5 mM DDM). The samples
were then mixed with a 5x SDS-PAGE loading buffer, and the beads
were spun down at 12,000g for 2 min. Eluted protein was analysed
by SDS-PAGE and stained using InstantBlue Protein Stain (ab119211,
Abcam). Relative loading of the LetA or LetB monomer band on the gel
was estimated integrating the density of the corresponding bands in
the InstantBlue-stained gel in ImageJ®*, and this was used to normalize
theamount of protein loaded onasecond gel, to enable more accurate
comparisons between samples. The normalized gel was stained with
InstantBlue, and the *P signal was detected using a phosphor screen
andscanned onaTyphoonscanner (Amersham). Three biological repli-
cates of the experiment were performed, starting withanindependent
protein expression culture grown on a different day.

Disulfide-crosslinking assays

To perform these assays, we generated variants of our split-LetA con-
struct. As one cysteine from each pair is within TMD" and the second
Cys fromeach pair is within TMD®, we introduced these cysteine pairs
into a variant of our split-LetA construct with non-essential cysteines



removed (C124S, C266S and C343S; ACysSplitLetA), to facilitate the
detectionof the crosslink of interest. A crosslinking event is predicted
to lead to covalent linkage between TMD" and TMDS, resulting in a
dimer with a large molecular weight shift on SDS-PAGE relative to
either domain alone. The metal-coordinating cysteines of the ZnR
domains cannot be mutated without affecting LetA function, but are
probably protected from maleimide crosslinkers by the bound zinc
ion. Given that our DMS data suggest that Q180 and R380 can tolerate
mutationsto cysteines, we selected these residues to probe the alterna-
tive conformation. OverExpress C43 (DE3) cells (Lucigen) containing
pBEL2802 or its mutants were grown overnight at37 °Cin LB medium
supplemented with carbenicillin (100 pg mi™) and 1% glucose. Over-
night cultures were diluted 1:50 to 20 ml of fresh LB media containing
carbenicillin (100 pg mI™). Cells were grown to an OD600 of approxi-
mately 0.8, and protein expression was induced with the addition of
L-arabinose to afinal concentration of 0.2%. Cells were cultured for an
additional 4 h at 37 °C, then harvested by centrifugation (4,500g for
10 minat4 °C), and resuspended in 1.5 mI PBS pH 7.4. From this stock,
500 pl cell suspension was pipetted into two separate Eppendorftubes,
and either treated with 3% dimethyl sulfoxide (DMSO; solvent used for
dissolving crosslinkers) or with1mM BMOE (P122323, Thermo Scien-
tific Pierce). To cap unreacted cysteines, both the DMSO-treated and
BMOE-treated samples were incubated with 2 mM N-ethylmaleimide
(NEM; P123030, Thermo Scientific Pierce) and incubated for 10 min
atroom temperature while rotating in the dark. To quench unreacted
BMOE, the cells were incubated with 10 mML-cysteine (168149, Sigma)
for10 minatroomtemperature while rotating. The cells were harvested
by centrifugation (6,000g for 2 min), flash frozen in liquid nitrogen
and stored —80 °C. To lyse the cells, the pellets were resuspended in
1ml of lysozyme resuspension buffer (50 mM Tris pH 8.0, 300 mM
NaCl,1 mg ml*lysozyme, 25 U ml™ benzonase and1 mM dithiothreitol)
andincubated for1hat4 °C. The cells then underwent eight cycles of
freeze-thaw lysis by alternating between liquid nitrogen and a 37 °C
heat block. The lysate was centrifuged at 20,000g for 15 min, resus-
pended in 250 pl of membrane resuspension buffer (50 mM Tris pH 8.0,
300 mM NacCl, 10% glycerol and 25 mM DDM and 1 mM dithiothreitol)
and shaken for 1 h. Insoluble debris was removed by centrifugation at
20,000g for 15 min at 4 °C. For each sample, 20 pl of the supernatant
was mixed with 20 pl 2X SDS-PAGE loading dye supplemented with
fresh 50 mM dithiothreitol. The samples were heated to 50 °C for15 min,
and then10 pl of the sample was loaded to an SDS-PAGE gel. The LetA
bands were probed by westernblotting using the monoclonal anti-LetA
antibody (clone 72).

AlphaFold2 predictions

Toidentify the alternative conformations of LetA, we used AlphaFold2_
multimer_version3 via Colabfold®. The sequence of LetA was retrieved
from the MG1655 reference genome in the NCBI database. Program
outputsyielded Sranked models, each with 32 samples or ‘seeds’, result-
ingin160 predictions. Finding ambiguity in the co-evolutionary signal
was achieved by reducing the depth of the input multiple sequence
alignments (16:32), enabling ‘dropout’ and setting ‘recycling’, whichis
the number of times the structure is fed into the neural network, to O
(refs. 51,85). Although many predictions showed ZnRVand ZnRC inter-
acting with each other, 37 models showed different degrees of separa-
tion betweenthe two ZnRs. Inaddition, five predictions exhibited severe
clashes in ZnRC. These observations made it difficult to interpret the
cytoplasmicregion, which also includes the unstructured N-terminal
and C-terminal regions that are not observed in our cryo-EM density,
and we therefore focused onthe TMD region. The RMSD heatmap was
builtasfollows: first, each of the 161 PDBs (LetA cryo-EM structure and
160 models generated by AlphaFold) was aligned with all others PDBs
using ‘align’ function from PyMol Molecular Graphics System (v3.0
Schrodinger, LLC), restricting the alignment to the carbon atoms and
number of cycles to 0. Then, a matrix with the 161 PDBS inx and y was

filled with the RMSD. Finally, the dendrogram was computed using the
fastcluster Python package® (using the Ward method and Euclidean
metric). For each cluster, the representative model was selected as the
one having the lowest average RMSD within that cluster.

System preparation for molecular dynamics

The LetAB complex used in the molecular dynamics simulations was
constructed by integrating the cryo-EM-resolved structure with the
AlphaFold2 multimer-predicted model using Chimera and Coot. Miss-
ing residues in the C-terminal region of LetA (residues 419-427) were
reconstructed using AlphaFold2, whereas the N-terminal disordered
region (residues1-26) was excluded due toits low predicted local dis-
tance difference test score. Similarly, for LetB, the N-terminal absent
residues (residues1-13) were omitted for the same reason. We retained
the TM helices and the first MCE ring of LetB (residues <160) to pre-
serve the native environment surrounding LetA, whereas the remaining
portions of LetB were excluded to minimize the system size. In addi-
tion, the two absent TM helices (residues 14-45) of LetB were modelled
using AlphaFold2. The N termini of LetA and LetB were capped withan
acetylated N terminus (ACE), whereas the C termini of LetA and LetB
were capped with astandard C terminus (CTER) and amethylamidated
Cterminus (CT3), respectively. Protonation states of titratable residues
were determined using PropKa3 (refs. 87,88). The orientation of the
proteincomplexrelativetothemembranewasestablished usingthe Posi-
tioning of Proteins in Membranes (PPM) 3.0 web server®, and the result-
antoriented proteincomplexwasembeddedintoanative Gram-negative
bacterial inner membrane using the Membrane Builder module in
CHARMM-GUI’*®', Each membrane leaflet consisted of 1-palmitoyl-2-
(cis-9,10-methylene-hexadecanoyl)-phosphatidylethanolamine (PMPE;
16:0/cy17:0), 1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE;
16:0/18:1(97)), 1-pentadecanoyl-2-(cis-9,10-methylene-hexadecanoyl)-
phosphatidylethanolamine (QMPE; 15:0/cy17:0), 1-oleoyl-2-
(9Z-hexadecenoyl)-phosphatidylethanolamine (OYPE; 18:1(9Z)/
16:1(9Z)), 1-palmitoyl-2-(cis-9,10-methylene-hexadecanoyl)-
phosphatidylglycerol (PMPG; 16:0/cy17:0), 1-palmitoyl-2-(9Z-
hexadecenoyl)-phosphatidylglycerol (PYPG; 16:0/16:1(9Z))
and 1,1’-palmitoyl-2,2’-(11Z-vacenoyl)-cardiolipin (PVCL2,
1’-[16:0/18:1(117)],3’-[16:0/18:1(11Z)]) in ratios of 46,13,12, 8,10, 9 and
2, respectively. The cryo-EM-resolved lipid was elongated to PMPE (in
simulations performed with Lipid 1), as it represents the most abundant
phospholipid in the Gram-negative bacterial inner membrane. To assess
the functional role of the cryo-EM-resolved lipid, we constructed sys-
tems both with and without Lipid 1. For each scenario, lipid positions
within the membrane were randomly shuffled using the Membrane
Mixer plugin®in VMD to minimize any biases from initial lipid place-
ment, resultingin threereplicas for each condition, totaling six replicas
overall. Finally, the resulting protein-membrane systems were solvated
and neutralized with 0.15 M NacCl.

Molecular dynamics simulation protocols

All the molecular dynamics simulations were executed using the
NAMD? program. CHARMM36m°®* and CHARMMB36 (ref. 95) force fields
were used for the proteins and lipids, respectively. The TIP3P model
was used for water molecules®. Temperature was maintained at 310 K
viaaLangevin thermostat with a damping coefficient of y=1ps™, and
pressure was held at 1 bar through the Nosé-Hoover piston®*%, The
Particle-mesh Ewald®® method was used for calculating long-range
electrostaticinteractions within periodicboundary conditions atevery
time step. Non-bonded interactions were calculated with a cut-off of
12 A, and aswitching distance set at 10 A. To accommodate volumetric
changes in the system, a flexible cell was used, allowing independent
fluctuationsinthree dimensions while preserving a constant x/yratio
for the membrane. The SHAKE'® and SETTLE' algorithms were used to
constrain bonds involving hydrogen atoms. For the initial equilibration
and productionruns, a4-fstimestep was used, facilitated by hydrogen
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mass repartition’®*'® to accelerate the simulations. A 2-fs timestep
was applied without hydrogen mass repartition for non-equilibrium
simulations involving collective variables (Colvars)'®*, as well as any
subsequent equilibrium simulations.

Toequilibrate the membrane-protein systems, each system under-
went aninitial 10,000 steps of energy minimization using the steepest
descentalgorithm, followed by equilibrations with gradually reduced
harmonic restraints'®. Initially, only the phospholipid tails were
allowed to move without any constraints for 1 nsin an NVT ensemble
(constant number of particles, volume and temperature), followed by
al0-ns phase where all components excluding the protein were unre-
strained in an NPT ensemble (constant number of particles, pressure
and temperature). Subsequently an additional 10-ns simulation was
performed to allow all components except the protein backbone to
move freely under NPT. A force constant of 10 kcal mol A2was applied
totherestrained atoms. Finally, all restraints were removed, and each
system was subjected to a 2-pus production run. In each of the six rep-
licas (three with Lipid 1 present at the start and three without), alipid
moved spontaneously upwards into the Lipid 2 sitein the central cleft.
The identity of Lipid 2 varied, and was PMPE in four replicas, PYPG in
onereplicaand cardiolipinin onereplica. See Supplementary Table 2
for the reliability and reproducibility checklist for molecular dynam-
ics simulations.

Steered molecular dynamics simulations

Toelucidate the potential mechanisms and pathways for phospholipid
transport and evaluate the feasibility of accommodating a phospho-
lipid within the periplasmic pocket in TMDS, a series of SMD simula-
tions were conducted. These simulations used Colvars to direct the
upwards movement of Lipid 2 from the central cleft, starting from the
posesidentified in previous molecular dynamics simulations. Forces
were applied to the centre of mass (COM) of three specific regions of
Lipid 2: the head group, the terminal six carbons of the tail closest to
the bottom of the periplasmic pocket, and the terminal six carbons
of both tails. Each pulling scenario used a stepwise protocol with the
distanceZ Colvars to avoid unintended pathways, ensuring that the
pulled atom group traversed the periplasmic pocketin TMD®. The lipid
was initially steered towards the bottom of the periplasmic pocketin
TMDS, followed by movement towards the middle of the pocket, and
ultimately to the top of the pocket. Initial configurations for these
SMD simulations were derived from the final frame of the 2-pus produc-
tion run of replica 2 for the system with Lipid 1 and replica 3 for the
system without Lipid 1, as they represented the lipids with the most
elevated positions for each condition. This results in six distinct SMD
setups (twoinitial configurations x three pulling scenarios). To ensure
optimal interactions between the pulled lipid and its surrounding
environment, the pulling velocity was set to 0.2 A ns™ with a force
constant of 10.0 kcal mol A The duration of each simulation is pro-
vided in Supplementary Table 3. Throughout the SMD simulations,
the centerToReference and rotateToReference optionsin NAMD were
enabled to align LetA with its initial conformation before calculating
distances and forces at each timestep, which avoided the effects of
protein translation and rotation on the applied force. In addition, the
z-centre of LetA was harmonically restrained using the harmonicWalls
function in Colvars with a force constant of 10.0 kcal mol A2 and the
lower and upper wall thresholds set at -2 Aand 2 A, respectively. This
restraint prevented the global upwards movement of LetA induced by
the applied forces on Lipid 2, which could otherwise distort the local
membrane structure.

Following the completion of SMD simulations, the systems under-
went an additional 10-ns equilibration phase, during which the protein
backbone and the heavy atoms of the pulled lipid were harmonically
restrained with a force constant of 10 kcal mol A2, All restraints were
subsequently removed, and a 300-ns production run was conducted
for each system.

Water bridge network analysis

To investigate the potential role of polar residues (D181, K178, S321,
K328,S364,D367 and T402) in TMD¢ina protonshuttle pathway, hydro-
genbonds were analysed on aframe-by-frame basis across simulation
replicas. This included hydrogen bonds formed directly between the
residues, between each residue and adjacent water molecules, and
among the water molecules themselves. Hydrogen bonds were defined
using the geometric criteria: a donor-hydrogen distance cut-off of
1.2 A, a donor-acceptor distance cut-off of 3.0 A, and a minimum
donor-hydrogen-acceptor angle of 120°, ensuring the inclusion of
only well-structured hydrogen bonds.

The occupancy of hydrogenbondsis defined as the fraction of total
simulationframesinwhichagiven hydrogenbondis observed. Water
bridges were classified by their order: direct residue-residue hydro-
gen bonds with no intervening water molecules were designated as
zero-water (0-W) bridges, whereas those involving one, two or three
intervening water molecules (1-W, 2-W and 3-W bridges) were identified
by systematically linking residue-to-water and water-to-water hydrogen
bonds, thereby constructing higher-order networks. To visually repre-
sent the water bridge networks with the highest occupancy, principal
component analysis was applied to project the spatial arrangement
of residuesinto two dimensions. Each residue was depicted asanode,
with edges connecting the nodes torepresent the highest-occupancy
water bridge between the residues, and the thickness of the edges
indicating the relative occupancy of the corresponding water bridge.

Sample preparation for LC-MS lipidomics

Three replicates for each protein were analysed, with each replicate
containing a purified proteinin detergent, a detergent buffer negative
control and an isolated E. coli membrane positive control. The lipids
fromeachsample were extracted via Folch extraction. In brief, varying
amounts of sample, chloroform, methanol, EQuiSPLASH LIPIDOMIX
(Avanti Polar Lipids) internal standards and water were combined as
described inSupplementary Table 4. The bottom layer was extracted,
driedusing N, gasand resuspended in100 pl of liquid chromatography-
mass spectrometry (LC-MS) grade methanol. Each sample was analysed
using data-dependent acquisition (DDA) LC-MS/MS. After DDA data
collection, 30 pl of each sample was diluted with 50 pl LC-MS-grade
methanol to ensure sufficient volume for triplicate MS1-only injections
for quantitation. Sample identities were blinded for data collection
and analysis, and unblinded for statistical analysis.

Data-dependent LC-MS/MS lipidomics

Lipids were separated before MS analysis using a 21-min trap-and-elute
method as previously described'°*'””, A Waters XBridge Direct Connect
HP Cgcolumn (10 pm, 2.1 x 30 mm) was used as the trap column, and a
Waters Premier Acquity UPLC CSH C,g column (1.7 pm, 2.1 x 100 mm)
was used for analytical separations. Gradients for the Cq (trap) and
C,s (analytical) columns were controlled by the a-pump and 3-pump,
respectively, and are provided in Supplementary Table 4. The column
selection valve position was changed at 0.50 min, allowing the -pump
to flow through both the Cg and C;g columns. At 17.50 min, the valve
reverted to theinitial position to allow for washing and re-equilibration
of'the Cgand C,g columns by the a-pump and -pump, respectively. A
10 plsampleinjection volume was used, and the column compartment
washeldat 60 °C. Samples were ionized via electrospray ionizationin
negative mode and introduced into a Synapt XS mass spectrometer
operated in sensitivity mode. The capillary and sampling cone voltages
were set to 2.45kV and 49 V, respectively. The source offset was 80 V,
the source temperature was 120 °C and the desolvation temperature
was 250 °C. A top 5 DDA method was applied, with an accumulated
totalion chromatogram threshold of 100,000 and amaximum acqui-
sition time of 0.25 s. MS1 and MS2 spectra were collected from 50 to
2,000 Thincontinuum mode ataresolution of 10,000 with ascan speed



of 0.1s, and fragmentation was performed using collision-induced
dissociation with a collision energy ramp from 20 to 40 Vin the trap
cell. Dynamic exclusion was used with an exclusion time of 15 sand an
exclusion width of 0.5 Da. A fixed exclusion range of 50-450 Th was
used to minimize selection of non-lipid precursors. Blank injections
of isopropyl alcohol were performed every three samples using the
same instrumental methods.

Collection of MS1-only LC-MS lipidomics data

After using DDA methods toidentify the lipids, we used MS1-only scans to
perform quantitation with accurate mass and retention time alignment,
as described previously'°*'””, Of each diluted sample, 10 pl was loaded
andseparated as described above. MS1scan parameters were identical to
DDA MSl1scans. Triplicate injections of each sample were performedina
randomized order. Isopropyl alcoholinjections (10 pl) were performed
aftereach sample run to mitigate potential carryover between samples.

Lipid library construction with DDA lipidomic data

AlI DDA files were centroided using MSConvert, and mass calibration
was performed using anin-house Python script using the known masses
andretentiontimes of the EQuiSPLASH lipids. Lipid identification based
onthe calibrated DDA data files was performed using MS-DIAL (v5.3)'%¢,
A minimum peak height of 1,000 and mass slice width of 0.1 Da were
used for peak detection. Only CL, PE and PG lipids were searched, as
these are the most prevalentlipidsin £. coli. MS1and MS2 accurate mass
tolerances of 0.025 Dawere used, and both [M-H] and [M + CH,COO]
adducts were allowed. For alignment, a retention time tolerance of
0.5 minand mass tolerance of 0.015 Da were used. A set of high-quality
lipid identifications was then manually checked to produce a lipid
library to be used for MS1-based lipid quantification.

Processing of MS1-only lipidomics data

MS1-only files were centroided and calibrated in the same way as DDA
files, with the addition of retention time calibration using the known
retention times of EquiSPLASH-spiked lipids. Calibrated MSl1 files were
loadedinto Skyline (v23.1.0) and searched against the DDA-constructed
lipid library'®. An ion match tolerance of 0.05 Th and mass accu-
racy of 10 ppm were used. To ensure accurate quantification, each
extracted-ion-chromatogram integration was manually checked and
adjusted as necessary. Raw peak areas were then standardized to sample
volume and totalidentified lipid area. Finally, we compared the enrich-
ment of specific lipid classes between the isolated protein samples
and the starting membranes. First, within eachindividual sample, the
total intensity of each lipid class (CL, PE and PG) was calculated by
summing the standardized areas of each individual lipid in each class.
Theaverage total peak areafor each class was then calculated using the
summed areas from eachreplicate. To compare the lipid composition
in the protein samples relative to the £. coli membranes, the average
fold change was then calculated for each class between the protein and
membrane samples. Standard deviations were propagated through
the averaging, and a 95% confidence interval for the fold change was
calculated. A two-sample Student’s ¢-test comparing the means of
eachlipid class areabetween the protein and membrane samples was
performed, and Pvalues were corrected for multiple testing using the
Benjamini-Hochberg method. A significance level of 0.05was used to
determine statistically significant differences.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The cryo-EM coordinates and associated maps for the crosslinked LetAB
complex have been deposited at the PDB (9N8W, Map 1) and the Electron

Microscopy Data Bank (EMD-49148 for Map 1, EMD-49145 for Map 1a,
EMD-49146 for Map 1b and EMD-49147 for Map 1c). The cryo-EM coor-
dinates and associated maps for the uncrosslinked LetAB complex have
beendepositedinthe PDB (9N8X, Map 2) and Electron Microscopy Data
Bank (EMD-49152 for Map 2, EMD-49149 for Map 2a, EMD-49150 for
Map 2b and EMD-49151 for Map 2c). Cryo-EM datahave been 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
BioProjectID: PRINA1221345 (accession SAMN46739294-301). Processed
variant counts and fitness scores were deposited to MaveDB under
experiment urn:mavedb:00001252-a. Files related to the molecular
dynamics simulations are available on Zenodo™: https://zenodo.org/
records/17343432. The lipidomics mass spectrometry files are avail-
able at MassIVE under dataset identifier MSV000096297. Uncropped
images from western blots and SDS-PAGE gels shown are provided in
Supplementary Fig. 1.

Code availability

To analyse reads resulting from DMS, scripts from a GitHub repository
were used (https://github.com/MaxabHaase/LetA).
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Extended DataFig.1|Functional, biochemical and structural analysis

of LetAB, related toFig.1.a, Cellular assay to assess the function of letA, letB,
or letAB deletion mutants. 10-fold serial dilutions of strains were spotted on
Lysogeny Broth (LB) agar with or without the indicated detergent. All strains
are constructedinaApgiABbackground.b, Size exclusion chromatogram for
LetAB (black) overlaid with standards (gray). The LetAB complex elutes around
thesame volume asthe 670 kDa proteinstandard. ¢, Coomassie gel of purified
LetABfromthe peak fractionshownin (b). Atleast three independentbiological
replicates were performed starting with three different colonies, on different
days, with similar results. d, Western blot assessing expression and localization
tothe membrane fractions for LetB with BPA crosslinkerincorporated at position
468, withorwithout co-expression of LetA.LetB presenceinthe membrane
fractionwas probed using a-LetB antibody (clone 72). Gel source dataare
providedinSupplementaryFig.le. Threeindependentbiological replicates
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were performed starting with three different colonies, on different days,
with similar results. e, Composite models for uncrosslinked (white) and
crosslinked (blue) LetAB aligned on LetA. Each of the LetB MCE Rings are
labeled. f, Composite model of crosslinked LetAB (LetA omitted for clarity)
showing the tunnel running through LetB. The tunnelis depicted asa smooth
surface colored by the hydrophobicity of pore-facing residues, calculated
using CHAP®. g, Tunnel radius of the LetAB and LetB in the open (PDB 6VOD)
and closed (PDB 6VOC) states, measured using CHAP®”. h, Structure of LetA
(blue surface) incomplex with LetB transmembrane helicesand MCERing 1
(cartoon).LetBmonomersare colored asin Fig.1h.i, Molecular surface
ofthe LetAB complex (Map1) colored by electrostatic potential. j, Surface
representation of MCE Ring 1 (purple) inthe closed (PDB 6VOC) or open (Map1)
state. The view from the cytoplasmis shown.
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POADO3_E.coli/1-427 1 FSLP- EINSNQ S 48
AOA8F82463_S.enterica/1-417 1 PQEDMLVALP-RLSHGQ-K 30
AOA655WZE3_V.cholerae/1-414 1 N PGEELPIDAI-TVDQAH-S 37
€0Q2Y7_S.paratyphiC/1-427 1 PE@DMLFSLP-EMSAHQ-S 48
letA |  EsB680_E.amylovora/1-422 1 PEEDTLFCLP-DVKSNQ-S 43
QOWG83_Y.pestis/1-450 1 CE@DALFTLP-PLGGNQ-T 70
AOAOG4PZZ0_P.penneri/1-418 1 - (QE@DHLVTLPLALKRGE-D 32
AOA9Q8V2Q8_M.wisconsensis/1-409 1 .- ICY@DQKLQLP-AARYTQQA 32
L A0A1B7K485_P.heimbachae/1-408 1 .- HENQKILSP-SFSARQ-V 31
[ PQIA_Ecoli/1-417 1 - SQEOMLVALP-RLEHGQ-K 30
AOA1D8UVG2_K.baliensis/1-485 1 -S55Q--GTVSTVKVVEGLREGHCEBGLFQSVP-KLAPGN-V 52
AOA4P7WBN7_A.bacterium/1-509 1 ~PTFRYHGRFHLRVVKGLAE@P S@GLFVRLP-1LQPGQ-V 74
4 AﬂAU?TiJLCaVbMus/X -494 1 -RSQ--EPHASIHAVEGLRE@PTEGLFQHVP-RLKPGH-L 52
PQIA|  A0asv6usDs_F.oecophyliaes1-s11 1 ~HHSSELRIVTGIMEGRTEGLFQRLP-AVLPGE-V 68
AOA291PFSS. A ropicale/ 1496 1 QDSPVDETRHVHLVHGYVEGP CCLFQK LP-P LKPGT-Q 54
‘AOAOCIEZSS. M.cerebrosus/1-436 1 YKSY- LPDASLPAHTVDEP DEGNRMD [P~ RLRQGQ- E 46
‘AOABBAGCK7.E corrodens/1-408 1 AHY 1 SEHSBCLELRLP-PLKPGK-A 25
B4RN33_N.gonorrhoeae/1-444 1 - ———— ———— PPFIFATFPMKPFAENIPHSLRGN-CRDEALPPHTVDEP EQGCRTDVP-QLDKGE-A 55
Q9JYA6_N.meningitidis/1-503 1 -YRIE\LSNEFCSRRTTAQKIFLPDTKCLFILPNLPVLHPDWVYRLFSF\MPPL\FATFPMKPFA[NH’HSLRCN CCDEALPPHTVD@P EBGCRADVP-RLDSGE-A 114
AOAAINGU1_B.pertussis/1-439 1 LIAGENGBAS ICRQP-DLEPGE-T 26
35Q 65- 74F gaw 94L 104 1120 122F B2 142- 147M 1561 166D 1765 186Q
POADO3_E.coli/1-427 49 AY@PREBQAK | RDGRDW-SLTRLAAMAFTMLLLMP FAWGEP LLHIWLLIRIDANVMQG IWQMTK--QGDAITGSMVFFCVIGARBLILVTSIAYLWF- ~LGMNLRPV-LLMLERBKEWVMLDIYLVGIGVAS IVQDYAHIQAGVGLF 192
AOAGFSZ463.5.enterica/1-417 31 AAGP RIIGAT LTT EWDA- PRQRP TACALAAL FMLLLSNLFP FVNMNVAGVT S EVTLLE IPGVMFS-~ EDYASLCTFFLLFVQLVBAFCLVTILLLVN- CLPLSVKKTLARFF LK SWGMAE | FLAGY LVS FVRLMAYGD G IGSSF I 175

AOA65SWZE3_V.cholerae/1-414 38 AHEPREGT LLYRGGSP - SLSGDLALAVTCLLLFIPSHFFSY IDIRLFGVMIPATLPQGYFALWN-~EGY | ALALLVLFCSSIABLVLCLSVVSAHL-ALRFR-~YFQTLRYS-LLF IHHEKVWVMIDVFLVSVAVSCFRLKDYSDIFIGPGLL 183
C0Q2Y7_S.paratyphic/1-427 49 AY/@P REQAK | RDGRDW- SLTRLTAMAVTMLLLMP FAWSEP LLH I Y LLEVR | DANVMHG |WQMTQ--QGDP LTAAMV LFCVVGABL I LVFSIAY LWF- ~LGMNLRPV-LLMLEKEKEWVMLD1YLVGIGVAS IKVQDYAFLQPGIGLL 192
letA |  Es6so_t.amylovora/1-422 44 AHEP RENAR | LNGRDW- SMTRLTAMAVTM [ LMMP FAFGES IMSIRLLETS YASLLGGI LOMAQ--QGDV I ARAMVAFCT | GABVVLVVA I SGLY F- ~IGLNLRP I~ LLMLDREKEWIMLDIYLVGIGIASIKVQDYAAITPGIGLA 187
QOWGB3_Y.pestis/1-450 71AYPRENAQ I TSGROW-SLTRLTAMACAMLLLIPFAFTEPLISIRLLGTRIDASLLAGIWQMSR--QGDP I TASMVAFCVLAABVTLTFSILYLR I~ SIGINLRP I-LLI LERMKEWVMLD Y LIGMAVACIRVKEYADIMPGTGLI 214

~LRLNLRPV- LLMLGKBKEWVMLDVYLIGLAVAT IRLGDYATVY IGNGLI 176
- IGMNLRP I - LLVLGRIBEKEWVMLDVYLVGLGVAA IKLQDYAT I FIGNGLI 176
“LKVNLRP |- LLVLNHEKEWVMLDVY L 1GLGIAAIKMQDYATVS IGHGLI 175

QGSPLTATMVAFCAIVABLSLP IAILYLHL-
QGSPLTAAIVAFCAIAABLFLPLSILYLSL-
QGDP FTAS I VAFCAVAABLLLP I LIISLFI-

AOAOG4PZZ0_P.penneri/1-418 33 AYEPREQAKLASYRYW-SLTRLLILSITMLILASIAFTQPLIKIHLLETMITANVVDG IR IMSE
AOA9Q8V2Q8_M.wisconsensis/1-409 33 L I8P RENSKLEDGNSW-SLSRLTVLAISILILAPIAFWQPLISIHLLESQIDANVFTGVKLMSQ
AOA1B7K485_P.heimbachae/1-408 32 | VP RELSQLNDGR SW-SLNRLLILSITLLLLAP IAFWQPLISIHLLBTQISANVLEGIRLINQ

PQUA_E.coll/1-417 31 AABPREGTTLTVAWDA-PRQRPTAYALAALFMLLLSNLFPFVNMNVAGVTSEITLLEIPGVLFS-~EDYASLGTFFLLFVQUVBAFCLITILLLVN- ~LPVRLKEQUARVLFQEKTWGMAE I FLAGVLVSFVRLMAYGS IGVGSSFL 175
AOAIDBUVG? K.baliensis/1-485 53 AYERREGEQLARRRRTSP IAAPTAFCVASAAIY LALLVTDLMT INVHEBRVNTVTVLTGP LEMAH- - EGFGEIGFVVALAT LVMBAVV IMLMGA I LIGASRKH--MPDWTPRL- LTWY ERBR EWSMVEVY | LGVFVAYTRLIDLALVDLRPGYF 200
AOA4PTWBN7 A bacterium/1-509 75 AHEP REDDMLARRRKTPHFRAATAFCITS IALLTAMLFVPMMTLDVMBRVNTVT LMTGP IRLIQLNPGFMLIGI IVMIASY IMBWLVVLLMAS | LYYLQRPQQPMPPWTA I L~ LAWYQRERPWAMVGVYV I GLCVAY SKLVDLATVV IMPTGW 226

1| A0A149T34 G atbidus/1-494 53 AEELREGCQLARRRKTSLIGAPAAFCITSAALYATLLISSLMTLNVY@RENTVSLMSGP | ELGH GV 1 IALMAA I LYGASRPQ-~MPDWTPR L~ LTWYDRJR GWSMV EVY VLGV LVAYTRLVDLALVILQPGVY 200
PQIA|  Aoa4v6U8DS5 F.oecophylae/1-511 69 AEECREGSQLERRRRTATLGGPWAFCIAALAFYGALLVSSVMMLNVY GV LLMMCA I LYGAGKDD- - LPTWCRP L- LAWY ERIRPWSMVEVYV IGLLVAYTRLIDLALVILLPGTF 216
A0A291PF59 A.tropicalis/1-496 55 ARBLRENQS LDRRNRTAP IATPLAFCISSAALY LAMLFSTLMMLDLY GVV I AMMGM | LTAALRPT -~ LP SWVPHL- LKWY EVIJRPWSMVEVY | LGVFVAYTRLVDLAFVEVGAAVY 202

VLFLLLCLYVYTALVRDR
FFFCLLCLYVYGGLLWGK

~AYPALRFA-TRVLVRERHAIMVDVFFISTLVAY IHLSSVAEVEFGSAFY 193

AOAOCIE2S9_M.cerebrosus/1-436 47 AH@P VENHEVVEVENN-PYVAP LAYATTSLI LMAFAY SMVY IRVELF
~PPPGVLGA-TRWLVRERGWMMVDVFF I STLVAY IHLGKVAEVHFGPAFY 172

AOASB4GCK7_E.corrodens/1-408 26 AF@PREGHP LARVEAN-PFLLPPALALASLIMLAVVFSGLYMHVTVL

BARN33_N.gonorrhoeae/1-444 56 AFEPREGHKLFRVGSH-PFSGPPAYAAASLILMAFAYSMTY | EVGIP QDYGFLAEVMFVLTFGABVLFLLLCLYVYAALIRKQ--AYPALRLA-TRVMYV DVFFVSTLVAY IHLSSVAKVRFGPAFY 202
Q9YA6_N.meningitidis/1-503 115 AFEP RBGHK LFRVGRH-P FSAPPAYAAASLI LMAFAYGMTY | EVGIP QDYGFLAEVMFVLTFGABVLFLLLCLYVYAALIRKQ--AYPALRLA-TRVMV DVFFVSTLVAY ILSSVAEVRFGPAFY 261
AOAAIONGUL8pertussis/1-439 27 AABARBGTTLWRY SGL-TLSNWLALALAALIVFVLANAYPVASLEVQEMVQRASLLDAIRVTWQ--QQHWVVAIMTGLAGFGMBILVQLMVLLWVLGP LAAGR-~LPVGFRGA-MRFLGLERPWSMVQVFLLGVVVSVVKLAGMAAVKPAVGLA 173
ZnR®
196A 2065 2168 224~ 224~ 2270 2370 240G 2499 259k 269A 2799 289 2901 3085
POADO3_E.coli/1-427 193 SFVALVILTTVTLSHLNVEEL RDEKLRY, PREHIPLRLERRHS LQKCWAALLAS IVLLLBENLLP IS|1YLNGGRQEDEHLSEIMSLA-SSNIAVAGIV 317
AOA8F87463. . enterica/1-417 176 PWCLFCLVQLRA- - FQCVDRRI ---AQPLTPG\TCIRQSLRS PREHTKGYVRRKNS LQWTLALLFTS IMLY LBAN I LP IMITDLLGSKMP SILAGY I LLWSEGSYPVAAV | 308
AOA655WZE3_V.cholerae/1-414 184 GLVLLQLFTVLLLSR I STRRY) VREQHK LY HRIKPNS T ERTWAYVLAATVA I FRANL P 151 LITNGQRLEDII(FSEVASLVKNGMWG AL I | 306
€0Q2Y7_S.paratyphic/1-427 193 AFVSLVVLS I LTMIHLNVEQL) QRADER LAY PREHIPLRLRRKQS IQKCWAALLAS IVFLLBANLLP ISV 1Y INGGRQEDIILSE IMSLA-SSNIAVAAVY 317
letA |  Essesot.amyiovora/i-422 188 AF IVIMLLSVLTLIHLNVEQL] ~SVQLDKLRY PREHTTLHLRRP FSLQK SWAAL IAS I FLIBANLLP I SEIWLNGARKEDIMILSEIFSLA- SGNIP I AAVY 312
QOWGS3_Y.pestis/1-450 215AYLTLTLLS I LTLVHLNLEQL) ~PGPQETLRYV| PREHTP LRHRRRHS LQKTWAAL IAATVLLLBANLLP IS IVYANGAR | EDIIFSBVVSLASSGNFP I AAVV 340
AOAOG4PZZ0_P.penneri/1-418 177 AFVSLMILSLLMLININMDQL] -~ EKSPAT PREKSCYTPRQPMS LQKTWAAL I'SAT I LLIBANLLP ISIFYLNGQRSEDIMFSGYLSLYNSGNTP 1ALV 299
A0A9Q8V2Q8_M.wisconsensis/1-409 177 AF ICITILSLLMLIHLDLERL ~-GVENNALI REHRP LHAREPASMQKSCAALIAAMYLLFBANLLP I'S1VYLNGQRMEDIIIY SEVVSLIQSGNWP IALIV 301
L A0A187K485_P.heimbachae/1-408 176 AF I TMA 1 ISLLILIHINIDVL] ~-AEDPTALTETABHYT- -~ ---A-PPNAQEKEQREHRP LQYREP LS LQKTWAAL I TAMI LL IBANLLP I SVFYLNGQRMEDIMY SBVVSLIDSGNWP 1AV IV 300
PQIA_E.coll/1-417 176 PWCLFCVLQLRA- - FQCVDRRMMLWDD I APMP EL- PLKPGVTGIRQGLRSESCBTAI-~-------LPADEPVEPRESTKGYVRRRNSLQWTLALLVTS IMLY LN I LP IMVTDLLGSKMP SII[LAGYV I LLWSEGSYPVAAV I 308
AOAIDSUVGZ K.ballensis/1-485 201 LI AALMVTMAG | DSTLDVERVIQNRD |QDELDDRHGHHLPVER | SVASGAMP P 1QNMLSBHARGLYMAFDHVVP - R EADMGOP REHQ | LERRKPQS LVNTTAFLIAGVVCY | BANL FPVMTY SKMGHADY SIIIV HBA | ELWQDGM [P LSLLV 352
AOA4P7WEN7_A.bacterium/1-509 227 MLG | LMI TMAAADTT FDER LVWER I P LLP EARD- ~-DI INVAHDPVPPP SQMLSE@AABHLYLQSHQHVD- LEQDMGDEP REGQY LRKRKYDSVVGCAAFLLAAATFY LBANL I PVMAFYKMGKGQF SIIMEGY | ELWQSELYSLALLY 370
| A0AI49T34 Galbidus/1-494 201 LLGGLMLSMAAVDSTFDAER IR SRDIRPTLEGHHGHR LDVAHLDARNGVVPPVENMLSEHABDLYLAFDHAVP-QEQDMGDEP REGQ I LRRAKPQSLISATCLLVAGVVFY LBANLLPVMTYTKVGQGAP I I SBV I ELWQAGM IPLSLLY 352
PQIA|  Aoa4v6U8DS_F.oecophyllae/1-511 217 LLGALMLSMAALDST FDAEM I WEHR SVRAEKGH- ~-PPYDGATNPMPPPRHMLSBGTEELVLLAPHAIP-NTADMGDEP REGQ | LHREKP NAVQGA I CFLIAAFVFY IBANCLP VMTYARLGKGY P N[ I GBVHELWQADLWVLAL IV 360
AOA291PFS9 Atropicalis/1-496 203 LVAS LMVTMAATDAT LDTEL I QQRK | DP CMRTMDGKR LRLQAVSAEEGALAPSDSRVSE@LABGVVLEFDHPVS-ATQPVGF@PREGHVVRKRKRDSLSRTVALLYSAIVFY LBAN I YPVMTVIRMGAGT GHIMIV EEA | ELWTDGM IPLSLLV 354
AOAOCIE2S9 M.cerebrosus/1-436 194 LMFALSVMLIRT--SVS | PQH SR - DKDEQP@EVEGADLYRRRPKSLSISLAFLIAAFILY FRANILP IMISSNPTALEVNIMFNGIVYMWNDGDR LIAV I | 321
AOASBAGCK7._E.corrodens/1-408 173 LMFVLSVLLIRT--ALSVPEH G <o~ -RPAHETE@E @GSGLHKRRPNSLSLSLALLITSVILLLBANLMT IMVSSNPTV I ERSIIIF SB1QFMWRDGDHY I AM I | 300
B4RN33_N.gonorrhoeae/1-444 203 LMFALSVMLIRT-~SVSVPQH SR ~-----RDSAESPEGVEGAELYRRRPKSLSISSAFLTAAVVLY FRAN I LP IMISSNPAATEANIMIF SB1 AYMWDEGDR LI AAV | 330
Q9YA6_N.meningitidis/1-503 262 LMFALSVMLIRT--SVSVPQH SRELY DSAESPEGVEGAELYRRRPKSLSISSAFLTAAVILY FRANILP IMISSNPAATEVNII(LNG I AYMWDEGDR L | AAV | 389
AOAAIINGUL B.pertussis/1-439 174 GFAALTVLL-T 1 LGRLSPHVLBRYAERAGLVD- QVQALPA-- GHDDEALHHERREAAQLH LRKP DHLARTWALLLAAVVFY | BN | LPVMSVSSVVGDSAHIMILGEYY ELWEMGSWD I AL IV 310
GRWSMLDLF ZnRY/TMD®
318F 28K 3385 3488 36T 368L 3781 388M 398A 408W
POADO3_E.coli/1-427 318 F I8 LVEFTRV I VMFTLLLS IHFKCQQGLRTR | LELRMVTW I GRISMLBLEV | 5SLTMSLINRDQ | LAFTMGPAAFYEGAAN ! LI LAVEWLBSELL
AOASFS7463. . enterica/1-417 309 F LS IMVBIT LRIV 1 AT AWLCWDAKGHGKRDS ERMHF I Y EVVEFVGRWEM | BVIEV 1 AVLSALVRMGGLMN 1Y PAMGA LMBALVM I MiMFsAMT FBPR LS
AOA65SWZE3_V.cholerae/1-414 307 FV/AS 1 VVBV IR 1 1 GLAY LLMA K LKRHMHQRQRMM I YRG I KW I @KMWSVMBLIEV 1’5 IMLTLVDRGQ I LDFTPGYGAVARGMVEV LEMLAAES LBPRIL L]
€0Q2Y7_S.paratyphic/1-427 318 F A8 1 LVBIF TRV I VMFTLLLS THFKCQQGLRTR I LLRLVTWIGRWSM LB LBV 15LTMS LINRDQ 1 LAFTMGP AAFYIHGAAM I L1 LAVEWLBSRLL
JetA | es8680_Eamylovora/1-422 313 F A8 1 LVBFTRIV IVLIALLFS IHFNCEQGLKTR I RIBLRLVKWVGRWSM LB LBV 1S LTMS LVNRDQLLAFTMGP AAFYEGSAMV L1 LAVEWLBSRLL
QOWGS3_Y.pestis/1-450 341 F (ASVLVBIFTRIV VLI TULLS THLKTQHS LKTRMRE[LR L1 TW1IGRWSM LB LBV 1 ALMMS LINRDQLFSFTMGPAAFYHGSAM I LI I LAVEWLBSRL I
A0AOG4PZZ0_P.penneri/1-418 300 F A8 1 FVBIFFRI 1 IMLGLLLS IHFNSSIDPLLRMKEYRFVSWIGRWSM LB LBV 1 GLMMS LINRDQLMT FTMGP AAFYIGTAM I L1 LAVEWLBSRLL
/A0A9Q8V2Q8 M.wisconsensis/1-409 302 F | |8/ 1 FVIBF LK1 1 VM1 I LLISIRINSALDP I LRMKBLR Fvsw i @RMSMLBLIEV I ALMMT LINRDQLMS FTLGPAAFYEGVAM I L1 1AVEWLBSRL I
L A0A187K485_p.heimbachae/1-408 301 F |/AS | LVEIF 11 1 1M1 LLLFS1QQQSKIDPVLRMKHLKFVSWIGRMSMLBLIEV I ALMMT LVNRDQLMS FTMGPAALYEGVAN I LI LAVEWLBSRL |
[ PQAEcol/1-417 309 F LIS I MVB(T LRIM 1 A1 AWLCWDAKGHGKRDS ERMHL 1Y EVVEFV@RWSM I BVIV I AVLSALVRMGGLMS 1'YPAMGA LMBA LV I MEMF SAMT FBPRIL S
AOAIDBUVG2_K.baliensis/1-485 353 | A8 I TVBV LK1 1SLT IMVTAT LRGKKTGLARLSRIBYRVVOV | GRWSM 1 BVEM 1 S 1 LVAIVHFNFLANVTAEPGVY FIRTAVM 1 LI 1 FAVHCFBPRsM
AOA4P7WBN7_A.bacterium/1-509 371 LFIA8 I TVBV LK1 ASLALMLFVQERQSSWQLKGLTKBYRVVEA | GRWSM 1 BPEM 1S 1 LTGMVRFGFLAKV IPGPGMYFIRALVMI LI FSANMYBPRG L]
| A0A149T3/4 G.albidus/1-494 353 AR 1 TVBV LRI VALT IMIIGTRLGSRWHLRNLSKEYRLVV I 1 GRWSM I BVIEM IS 1 LVAVVHFGFLANVTADP GMVCIHALVM I L1 FAAELFBPRIsM p
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Extended DataFig.2|Sequence conservation and functional analysis of
LetA, related toFig.2.a, Cellular assay to assess the function of the LetA
variant where N-and C-terminal modules are co-expressed as separate open
reading frames (split-LetA construct).10-fold serial dilutions of strains indicated
were spotted on LB agar with or without LSB or cholate, as noted. All strains are
constructedinadpgiABbackground. b, Westernblot showing results of pull-
down assay, used to assess the interaction between the N-terminal LetA module,
the C-terminal LetA module, and LetB when co-expressed as separate open
reading frames (split-LetA construct). His-LetA (ZnRN+TMD") was used as the
bait for pull-down, and interaction with LetA-Strep (ZnR“+TMD®) and untagged
LetBwasassessed using a-Strep and a-LetB antibodies. Gel source dataare

providedin Supplementary Fig. 1f. Three independent biological replicates
were performed starting with three different colonies, on different days, with
similar results. c,20 sequences of LetA and PqiA proteins representing Alpha-,
Beta-,and Gammaproteobacteria, aligned using MUSCLE®’; Uniprot IDs are
provided. Positions are colored based on sequenceidentity (see color key).
Regions of interest areindicated. d, Cartoonrepresentation of LetA;inset
showsresidues that are part of the 3*)GRWSM-W-D-W-F*** motifin colored
sticks. e, Sequence logo of the **GRWSM-W-D-W-F*¢° motif generated using
WebLogo 3", Residues are colored based on hydrophilic (blue), neutral
(green), or hydrophobic (black) properties.
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Extended DataFig. 3| Comparison of LetA with structuralhomologs,
related to Fig.2. a, Left, surface representation of LetAB, highlighting LetA
(gray) and MCE Ring 1 (colored by chain). Middle, cartoon representation of
LetA (gray, with the periplasmic sheetinyellow and orange) and MCE Ring 1 of
LetB (colored by chain). Inset (right) highlights the periplasmic sheet of LetA
and pore-lining loops of LetB. Residues involved in the putative lipid transport
pathway are shown as sticks and labeled. b, ICP-MS results showing elemental
scanning analysis for 10 transition metals. Average parts per billion (ppb) values

oftwoindependent experiments are shown for LetA and buffer control samples.

Toreflect the semi-quantitative nature of this data, values are reported to just
onesignificant figure.c, d, Cartoon representations with helices shown as

cylinders (c) and corresponding topology diagrams (d) of tetraspanin*?
(CD81,PDB5STCX), and vitamin K epoxide reductase-like* (VKORL, PDB 6WV8).
Thesecondary structural elements of LetA TMDN conserved with structurally
related proteins are colored asin Fig.2c. e, Surface representations of
tetraspanin, VKORL and LetA TMD®, colored by electrostatic potential.
Cholesteroland vitamin K, binding pockets of tetraspaninand VKORL,
respectively, are shown, and the corresponding region on LetATMDC is
indicated witha dotted circle (periplasmic pocket). f, AlphaFold models of
LetA-like proteins fromthe speciesindicated. Uniprot IDs are providedin
parentheses. Models are colored by the predicted local distance difference test
(pLDDT) scores.
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Extended DataFig. 4 |DMS workflow and identification of functionally
importantresidues, related to Fig. 3. a, Schematic showing the workflow
forthe DMS experiment and data analysis. Avariantlibraryis generated and
transformedinto ApgiAB AletAB cells. Plasmids are shown as gray circles; star
symbolsindicate mutations. Cellsare grown on LB platesin the absence or
presence of detergent. Selection resultsin changes in the frequency of mutations,
which canbe assessed by deep sequencing. The schematic of a vertical strip
shows therelative fitness of each mutation for agiven position, where mutations
thatdecreasefitnessrelative tothe WT are shown in shades of magenta, while
mutations thatincrease fitness are in shades of green. x-axis: residue position;
y-axis: mutation. b, Relative fitness values of replicate 1 (y-axis) and replicate 2
(x-axis). R?=0.897 for cholate and R*= 0.787 for LSB, validating the reproducibility
ofthe experiments. ¢, Histograms showing the frequency of the relative fitness

scores for the cholate and LSB datasets. d, Distribution of tolerance scores for
cholate and LSB datasets. The tolerance score of 0.7 was selected as the cut-off
for determining functionallyimportantresiduesinboth datasets. e, Cellular
assay to assess the function of LetA N-terminal truncations. WT LetB is co-
expressed with each of the LetA mutants. 10-fold serial dilutions of the strains
indicated were spotted on LB agar with or without cholate or LSB. All strains are
constructedinadpgiABbackground. f, Westernblot analysis of cell lysates of
thestrainsindicated, to compare cellular levels of WT LetA and N-terminal
deletion mutants. a-LetA (clone 45) was used to probe LetA.BamA levels were
probed using an a-BamA antibody as aloading control. Gel source dataare
providedin SupplementaryFig.1g. Threeindependent biological replicates
were performed starting with three different colonies, on different days, with
similar results.
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Extended DataFig. 5| Results of the DMS experiments on cholate, related
toFig.3.Heat map summarizing results of deep mutational scanning of LetA
(average of two biological replicates), where cholate was used for selection.
x-axis:thesequence of WT LetA from N-terminus to C-terminus; y-axis: all
possibleamino acid substitutions, including the STOP codon. Each square
represents the fitness cost of anindividual mutation relative to WT. Mutations

X
VPFTKVIVMFTLLLSIHFKCQQGLRTRILLLRMVTWIGRWSMLDLFVISLTMSLINRDQILAFTMGPAAFYFGAAVILTILAVEWLDSRLLWDAHESGNARFDD

thatdecreaseinfitnessrelative tothe WT are showninshades of magenta,
while mutations thatincrease fitness are in shades of green, and white represents
neutral mutations, as shownin the key. The tolerance score (TS) at each position
isshowninthe horizontal strip above the LetA sequence. Squares containing
an “X”indicateincomplete coverage. For the heat map for DMS experiments
onLSB, see Supplementary Fig. 4.
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Extended DataFig. 6 | Functional and biochemical analysis of the LetA
polar network and ZnR domains, related to Fig. 3. a, Western blot analysis
showing results of pull-down assay, used to assess the interaction between
LetA polar network mutants and LetB. His-LetA WT and mutants were used as
the bait for pull-down, and interaction with untagged LetB was assessed using
o-LetA (clone72) and a-LetB antibodies. LetA (WT or mutants) and WT LetBare
co-expressed from the same plasmid. Three independent biological replicates
were performed starting with three different colonies, on different days, with
similar results. b, Water density map from equilibrium MD simulations for
LetA. The map was generated using water oxygens within 3.5 A of LetA and
averaged over all the framesin the equilibrium MD simulations (-Lipid 1). LetA is
shownin cartoonrepresentation, where the helices are depicted as cylinders.
TMDMand TMDCare colored according to Fig. 2a. The water density is colored
inlightyellow, except for the densitiesinside TMD®, which are highlighted in
orange. ¢, Hydrogen-bond network between proposed proton shuttle residues
and water. The most frequently occurring water bridges in the equilibrium MD
simulations (-Lipid 1, three replicas) are shown. Each line represents the water
bridge that most consistently appears between the two corresponding nodes
throughout the simulation. Each polar residue is shown as anode, with the lines
connectingthe nodes representing water bridges. The thickness of the lines
corresponds to the relative occupancy of the water bridge throughout the
simulation. The color coding of the edges indicates the number of water
moleculesinvolvedinforming the bridge: 1-W (green) represents a single water
moleculebridge, 2-W (blue) indicates abridge formed through two water
molecules, and 3-W (orange) shows a water bridge through three water
molecules. The percentage occupancy of each water bridge is annotated
alongside the edges.d, Cellular assay to examine the function of LetAZnR
cysteine mutants. 10-fold serial dilutions of the indicated strains were spotted
onLBagarwithorwithout cholate or LSB. All strains are constructedina
ApgiABbackground. e, Western blot analysis of lysates of the strainsindicated,
tocomparecellular levels of WT LetA and ZnR cysteine mutants. a-LetA (clone

72) wasused toprobe LetA.BamA levels were probed using an a-BamA antibody
asaloading control. Threeindependentbiological replicates were performed
starting with three different colonies, on different days, with similar results.
f,Sequencealignment of the LetA and PqiA ZnR domains. g, Cellular assay to
assess the function of LetA mutants, in which the ZnR domains of LetA are
replaced with the ZnR domains from £. coliPqiA. WT LetB is co-expressed with
eachZnR mutant.10-fold serial dilutions of strains were spotted on LB agar
with or without the indicated detergent. All strains are constructed ina ApgiAB
background. h, Western blot analysis of lysates of the strainsindicated, to
compare cellularlevels of WT LetA and aZnR mutantin which the ZnR domains
inLetA areswapped withthose of the E. coli PqiA protein. a-LetA (clone 72) was
used to probe LetA.BamA levels were probed using an a-BamA antibody asa
loading control. Three independent biological replicates were performed
starting with three different colonies, on different days, with similar results.

i, Cellular assay to assess the function of LetA mutants, inwhich the ZnR
domainsofLetAaredeleted. WT LetBis co-expressed witheach ZnR mutant.
10-fold serial dilutions of strains were spotted on LB agar with or without the
indicated detergent. All strains are constructed ina ApgiABbackground.

Jj, Westernblot analysis of lysates of the strainsindicated, to compare cellular
levels of WT LetA and ZnR deletion mutants. Anti-LetA (clone 72) was used to
probeLetA.BamA levels were probed using an anti-BamA antibody asaloading
control. Threeindependentbiological replicates were performed starting with
three different colonies, on different days, with similar results. k, Western blot
analysis showingresults of pull-down assay from purified membrane fractions,
usedtoassesstheinteraction between LetAZnRdeletion mutantsand LetB.
His-LetAWT and mutants were used as the bait for pull-down, and interaction
withuntagged LetB was assessed using a-LetA (clone 72) and a-LetB antibodies.
Threeindependentbiological replicates were performed starting with three
different colonies, on different days, with similar results. Gel source data for
panels (a), (e), (h), (j), and (k) are provided in Supplementary Fig. 1h,i,j, k1,
respectively.
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Extended DataFig.7 | MD simulations to examine putative lipid
translocation pathways through LetA, related toFig.4.a, b, Cartoon
representation of uncrosslinked (a) or crosslinked (b) LetA (gray) withEM
density (orange) corresponding to Lipid 1 (yellow; Map 2a for uncrosslinked
LetA and Map 1a for crosslinked LetA). Figures were prepared in ChimeraX'?
using the zone function with an applied radius of 3.5 Aand map contour of
0.124 for Map 2a or radius of 3.5 A and map contour of 0.00539 for Map 1a. Gray
spheresindicate the residues thatareinteracting with Lipid 1. Nitrogen and
oxygenatoms are highlighted inblueand red, respectively. Residues replaced
with BPAin crosslinking experiments presented in (b) are shown as pink
spheres (W162and W267). W267 is exposed to bulk lipids and serves a positive
control. W127is predicted to interact with one of the Lipid 1 tails. ¢, SDS-

PAGE analysis of purified LetAB and its BPA mutants, either crosslinked
oruncrosslinked and stained by Coomassie (LetB) or phosphor-imaged (**P
signal). Threereplicates of the experiment were performed starting with three
different colonies, on different days. d, Diagram showing the MD simulations
performed and the movies associated with each step. e, Time series of the
z-position of the phosphorusatom of Lipidlineachreplica. Lipid 1waseither
included (+Lipid 1) or excluded (-Lipid 1) at the start of the simulation. Except
inReplica2 (-Lipid 1), a phospholipid binds to the Lipid 1binding site regardless
of whether alipid was modeledinittobeginwith or not (thereis no trace
forReplica2 (-Lipid1) intheright panel, since nolipidis stably bound). The
starting z-positions of the phosphorus atom are marked by circles (see color
key). The average phosphorous atom position from the lipids within10 A

of LetAisshownasablackline.f,Representative snapshots of Lipid 1in Replica
1(+Lipid 1) of the equilibrium MD simulation, showingits stable binding
throughout the simulation. Each Lipid 1snapshotis colored according to

the simulation timestep, transitioning from light yellow at the start to orange
attheend.LetAisshowninblue, MCERinglinpurple,and phosphorusatoms
ofthebulklipids arein white spheres toindicate the position of the membrane.
Helices are depicted ascylinders. g, Time series of the z-position of the
phosphorus atom from the most elevated lipid in the central cavity. The lipid
typeisindicatedinthe color key. The starting z-position of the phosphorus
atomsareindicated by acircle. The average phosphorus atom position of lipids
within10 A of LetAis depicted asablackline. h, Accumulated non-equilibrium
work profiles for different pulling protocols and the pulled lipid types (PMPE
and PYPG). Thefirstand second circleson eachlineindicate the time when

the pulledlipid reached the bottom and middle of the periplasmic pocket,
respectively. Atthe end of eachline, thelipid has reached the top of the
periplasmic pocket. i, RMSD profiles of steered lipids. RMSD plots for each
lipid type (PMPE and PYPG) and different pulling methods (head group,
onetail, or two tails) showing lipid movement and flexibility within the
periplasmic pocket during the 300-ns equilibrium simulations after SMD.

Jj, The conformational dynamics of the steered lipids areillustrated in 2D scatter
plotsshowing the orientation angle versus the z-position of the phosphate
group. Time progressionis indicated by a color gradient from dark blue to
yellow, with theinitial and final frame highlighted by a circle (see color key).

The orientation angle, as shownin the schematic on theright, is defined by
theangle between the orientation vector (yellow) and the membrane normal
(black). k, Western blot analysis of cell lysates of the strainsindicated, to
comparecellularlevels of WT LetB and LetB R63 mutants. LetB was probed
using aa-LetB antibody. Asaloading control, BamA levels were detected using
ano-BamA antibody. WT LetA was co-expressed with each LetB mutant. Three
independentbiological replicates were performed starting with three different
colonies, ondifferent days, with similar results. 1, Sequence logo of positions 58
to 68 of LetBby WebLogo 3 (see Methods for list of LetB sequences). m, The fold
change between purified LetAB and the membrane fraction. The black dotted
lineindicates no changeintheindicated lipid class. Error barsindicate mean +
standard error of the mean from three independent LetAB purifications and
three technical replicates of each (n =9), each shown withadot. P-values were
calculated from standardized z-scores propagated through the fold change
calculation. The Benjamini-Hochberg method was used to correct for multiple
comparisons. The corrected p-values for CL, PE,and PG were <107%,2.2x10°¢,
and 0.014, respectively (*** p < 0.001). n, Therelative abundance of
phospholipids from purified LetAB versus the membrane fraction of E. coli
cellsoverexpressing LetAB. The normalized summed intensity was used to
estimate abundance. Error barsindicate mean + standard error of the mean
fromthreeindependent LetAB purifications and three technical replicates
(n=9),eachnoted withadot. A two-tailed t-test with a 95% confidence interval
was used to compare the normalized means of each lipid class areabetween the
proteinand membrane samples. The Benjamini-Hochberg method was used to
correct for multiple comparisons. The corrected p-values for CL, PE,and PG
werel.17 x107%,4.15 x107%, and 0.059, respectively (***p < 0.001). Gel source
datafor panels (c) and (k) are provided in Supplementary Fig.1m,n, respectively.
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Extended Data Table 1| Data collection and refinement statistics for cryo-EM structure of crosslinked LetAB, Related to Fig. 1

Data collection

Crosslinked LetAB, Crosslinked LetAB,

Crosslinked LetAB,

Crosslinked LetAB,

and processing composite Map 1a Map 1b Map 1c
EMD ID EMD-49148 EMD-49145 EMD-49146 EMD-49147
EMPIAR ID 13075 13075 13075 13075
Microscope Krios G3 Krios G3 Krios G3 Krios G3
(PNCC Krios-1) (PNCC Krios-1) (PNCC Krios-1) (PNCC 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) 1.029 1.029 1.029 1.029
Total electron
exposure (e-/A?) 50 50 50 50
Exposure time (s) 2.8 2.8 2.8 2.8
Number of frames
(no.) 50 50 50 50
Defocus range (um) -0.8to-2.1 -0.8to-2.1 -0.8to-2.1 -0.8to-2.1
Estimated defocus
range (Um) -0.1t0-4.0 -0.1t0-4.0 -0.1t0-4.0 -0.1t0 4.0
Automation
software Serial-EM Serial-EM Serial-EM Serial-EM
No. of micrographs
at 0° tilt 12029 12029 12029 12029
Number of particles N/A 158666 131736 72671
Resolution (A,
FSC=0.143) ~2.7-5 3.38 2.80 2.74
Map sharpening
B-factors (A?) N/A -20 -10 -10
Sphericity from
3DFSC N/A 0.966 0.961 0.971
Symmetry C1 C1 C1 C1
Box size (px) 360 256 360 256
Model statistics Composite Model in Map 1
PDB ID 9N8W
Initial model (PDB RoseTTAFold, 6V0J, 6VOF,
code) 6VOE
Model composition
Chains 8
Non-hydrogen
atoms 41785
Protein residues 5478
Ligands 2 zinc
Mean B-factor (A?)
Protein 81
Ligand 88
R.M.S. deviations
rmsd (bonds) 0.003
rmsd (angles) 0.571
Validation
EMRinger score 2.36
MolProbity score 1.45
Clashscore, all
atoms 4.65
Rotamer outliers
(%) 0.84
CaBLAM outliers
(%) 3.06
CpB outliers (%) 0
FSC (Model-map)
(A FSC=0.5) 3.3
Ramachandran
plot (%):
Favored 96.58
Allowed 3.37
Outliers 0.05
Rama-Z
whole -0.52
helix -0.60
sheet 0.50
loop -0.78
Map CC (mask) 0.80
Map CC (box) 0.75
Map CC (peaks) 0.66
Map CC (volume) 0.79
Map CC for ligands 0.81

For access to PDB and map files see Data Availability.



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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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,
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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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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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