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B Barrel outer membrane proteins (OMPs) cluster into supramolecular assemblies that give function to the outer
membrane (OM) of Gram-negative bacteria. How such assemblies form is unknown. Here, through photoactivatable
cross-linking into the Escherichia coli OM, coupled with simulations, and biochemical and biophysical analysis, we
uncover the basis for OMP clustering in vivo. OMPs are typically surrounded by an annular shell of asymmetric
lipids that mediate higher-order complexes with neighboring OMPs. OMP assemblies center on the abundant
porins OmpF and OmpC, against which low-abundance monomeric  barrels, such as TonB-dependent transporters,
are packed. Our study reveals OMP-lipid-OMP complexes to be the basic unit of supramolecular OMP assembly
that, by extending across the entire cell surface, couples the requisite multifunctionality of the OM to its stability

and impermeability.

INTRODUCTION

The outer membrane (OM) is a important barrier to the entry of
several classes of antibiotics in Gram-negative bacteria, a property
ascribed to its asymmetric distribution of outer leaflet lipopoly-
saccharides (LPSs) and inner leaflet phospholipids (PLs) (1-4). OM
integrity is necessarily compromised by numerous outer membrane
proteins (OMPs)—~1.5% of the Escherichia coli (E. coli) chromo-
some encodes OMPs (5)—that mediate metabolite exchange (3),
nutrient import (6), OM stabilization (7), hydrolysis of antimicrobial
peptides (8), ejection of antibiotics (9), and adherence to surfaces
(10, 11). Most OMPs are B barrels of between 8 and 36 P strands.
OMPs and LPS are incorporated into the membrane by essential B
barrel proteins, BamA and LptD. BamA (and lipoprotein partners
BamBCDE) catalyze OMP insertion (12-14), while LptD (and lipo-
protein partner LptE) inserts LPS (15-17).

The standard model of the OM is that of a gel-like or liquid crystalline
layer in which OMPs are randomly distributed (18-26). However,
recent live-cell imaging suggests that the E. coli OM has a high degree of
organization, which is at odds with this classical view: (i) OMPs form
punctate clusters or islands that exhibit spatiotemporal behavior in which
old OMPs segregate to the poles during growth, and new OMPs are inserted
predominantly at division sites (27-29). (ii) Atomic force microscopy
(AFM) shows the OM to have distinct LPS- and OMP-rich regions and
that OMP-rich regions dominate this phase-separated landscape (30).

How OMPs are accommodated in an organized OM is unknown.
To address this question, we devised a photoactivatable cross-linking
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strategy to capture OMP near-neighbors in live E. coli cells. We de-
fined the cross-linked species, reconstituted higher-order complexes
in vitro, and incorporated the association principles stemming from
these data into simulations. We show that the asymmetric lipids that
render the OM an effective impermeability barrier also mediate pro-
miscuous interactions between OMPs, acting as noncovalent adhesive
to stabilize OMP networks across the bacterial surface.

RESULTS

Strategy for capturing OMP near-neighbor contacts in live
E. coliMG1655 cells

OMPs exist predominantly as monomers or trimers in Gram-negative
bacteria. We set out to define near-neighbor contacts for each class,
focusing on trimeric OmpF and monomeric Ferrienterobactin re-
ceptor (FepA) and Outer membrane cobalamin transporter (BtuB).
OmpF monomers are 16-stranded B barrels that form nonspecific
pores through which small molecules diffuse (M,, < 600 Da), includ-
ing antibiotics (31). OmpF and its structural homolog OmpC are some
of the most abundant OMPs in E. coli, accounting for more than
40% of the OM proteome (32). FepA and BtuB are TonB-dependent
transporters (TBDTs) in which a plug domain occludes the central
channel of the 22-stranded B barrel (6). FepA and BtuB are less
abundant than OmpF, but through their energized transport of
scarce nutrients across the OM, the siderophore ferric-enterobactin
and vitamin By, respectively fulfill equally important roles.

We first established the relative cellular distribution of our target
OMPs using fluorescence imaging in E. coli MG1655 cells. OmpF,
FepA, and BtuB were specifically labeled with fluorescently tagged,
high-affinity colicins inactivated for toxicity (27, 33-35) and visu-
alized by total internal reflection fluorescence microscopy (fig. S1,
A and B). BtuB and FepA were organized into OMP islands, as de-
scribed previously (27), which contained ~20 to 30 copies of each
OMP as indicated by photobleaching analysis (fig. S1E). FepA and
BtuB resided within regions that also contained OmpF (fig. S1, A to
D), the widespread distribution of which is consistent with recent
AFM data (30).
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We next established a photoactivatable cross-linking protocol
by which close (<4 A) associations could be probed (Fig. 1). Para-
benzoylphenylalanine (BPA), which cross-links to C—H bonds when
exposed to ultraviolet (UV) light, was incorporated into multiple
outward-facing, transmembrane positions of the B barrels. Expres-
sion of individual omp genes, usually containing a single BPA inser-
tion site, was induced from a plasmid in an E. coli strain lacking the

gene encoding the OMP of interest and grown in the presence of
BPA. Functionality was scored by bacteriocin-mediated killing of
E. coli strains expressing them: colicin N for OmpF, colicin E9 for
BtuB, and colicin B for FepA (Fig. 1). Of the 35 BPA sites intro-
duced across the three OMPs, 6 were nonfunctional in colicin tox-
icity assays: 5 of 19 for OmpF (all located close to subunit interfaces),
1 of 8 for BtuB, and 0 of 8 for FepA (table S1). We interpreted lack

1. OMP

expression )
+BPAY

2. OMP
functionality
Colicin N (uM) OmpF Colicin E9 (uM) BtuB Colicin B (uM) FepA
8 2 0.5 10 1 0.5 10 2 0.6
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G242BPA
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V177BPA Colicin B (uM)

2 0.5

Colicin E9 (uM)

Colicin N (uM)
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3. UV irradiation
4. OMP organization

V177BPA

5. Detergent
purification

Fig. 1. Strategy for identifying OMP near-neighbors by BPA-mediated cross-linking into the E. coli OM. Schematic outlining the key steps of the protocol for UV-
activated OMP®™ cross-linking, including OmpF (green), BtuB (blue), and FepA (orange). (1) A plasmid (blue and green) encoding the omp gene of interest with an amber
stop codon (TAG) at a single site was transformed into a knockout cell line devoid of the omp of interest, in conjunction with a plasmid for expressing the tRNase
(pEVOL-pBpF, brown) required for BPA incorporation. Cells were then grown in the presence of BPA (brown star; shown as a yellow star following UV activation) and omp
gene expression induced with 0.15% arabinose. (2) A colicin-based cytotoxic assay was used to test for OMP functionality in the OM. The colicins used in the study each
require the OMP of interest as a receptor before import and cell killing. Hence, colicin cytotoxicity is a simple readout of appropriate expression/insertion into the OM.
Examples of successful killing of E. coli cells expressing BPA-incorporated OMPs are shown for each protein target. (3) Cells were exposed to UV light (A3¢s) for 90 min to
activate BPA cross-linking. (4) The cellular distribution of the OMP of interest was subsequently reanalyzed, to ascertain whether it was similar to that of the wild-type
protein, using fluorescent colicin labels as in figs. S3 to S5. Scale bar, 1 um. (5) Cells were lysed, the OM was extracted, and OMPs were solubilized with detergent (1% B-OG)
and purified by chromatography for further characterization (see Materials and Methods for details).
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of colicin-mediated killing as evidence of inappropriate OMP folding/
insertion into the OM and was not investigated further. BPA
mutants that supported colicin-mediated killing (figs. S2 to S5 and
table S1) were exposed to UV light (X365, ~90 min), after which cell
viability was determined by colony-forming units, and the distribu-
tion of each OMP was reevaluated by fluorescence microscopy to
confirm functionality (Fig. 1). Both viability and OMP patterning
were largely unaffected by UV exposure (figs. S3 to S5). The OMs of
all UV-treated strains were then disrupted, and each OMP®" mutant
was put through a pipeline of detergent solubilization [1% n-octyl-
B-p-glucopyranoside (B-OG)] followed by purification (see the
Supplementary Materials for details) and biochemical and biophys-
ical characterization to determine the outcomes of cross-linking.

OMPs are predominantly enveloped by lipids that reflect

the asymmetry of the OM

Coarse-grain simulations suggest that direct protein-protein inter-
actions between P barrels are the basis for clustering of heterologous
OMPs in the E. coli OM (27, 36-38). Yet, in only one case was a direct
cross-link between two OMPs detected by liquid chromatography-
tandem mass spectrometry (LC-MS/MS), involving BtuB W164BP4
and BamA Y531 (fig. S6). The same cross-link was identified in two
independently prepared samples, suggesting a specific albeit pro-
miscuous BtuB-BamA contact.

Given the paucity of inter-OMP adducts, we surmised that
cross-linking to lipid was the likely outcome. Discrete LPS binding
sites have been identified crystallographically in several OMPs, in-
cluding OmpF and TBDT's (39-41). We determined whether covalent
BPA cross-links toward such LPS sites occurred in vivo using dena-
turing SDS-PAGE followed by staining with the LPS-specific
fluorescent dye, Pro-Q emerald green. In agreement with previous
structural studies, BtuB G455°* and V52354, FepA V484""* and
OmpF V177%%4, v196°*4, G198®P4, and T238""* resulted in BPA-
mediated cross-linking to LPS (Figs. 2 and 3 and tables S2 to S4).
We also detected in vivo LPS cross-links to additional sites, includ-
ing BtuB W164°* and G242°74, FepA 1255""* (Fig. 2), and OmpF
L281°P4 (Fig. 3).

We exploited native-state mass spectrometry (native-MS) to
establish lipid identities and stoichiometry for OMP®"* cross-linked
mutants (Fig. 3, D and E). Native-MS has previously identified a
single LPS molecule bound to folded BtuB (42), which was replicated
in the present work (fig. S7). A single LPS molecule was similarly
identified bound noncovalently to wild-type FepA (fig. S7). In both
cases, however, LPS-bound and unbound mass-to-charge ratio (m/z)
peaks confounded attempts to define OMP®**-lipid populations
more precisely, other than occasional cross-links to PLs (e.g., BtuB
G2428PA, BtuB G242BPA G455PPA, and FepA V6798P4; figs. S8 and
S9). By contrast, no lipids were bound to wild-type OmpF trimer in
native-MS experiments (fig. S7). This observation, along with the
greater yields of cross-linked OmpF®"* mutants recovered from
membranes, greatly simplified subsequent MS analysis (figs. S10
to $12). We found that UV-activated OmpF"™* mutants eluted as
two peaks from anion exchange chromatography, whereas wild-type
OmpF eluted as a single peak with a shoulder (Fig. 3A). Anion ex-
change peaks for each UV-activated OmpF®"* mutant were initially
analyzed by SDS-PAGE and LPS staining, which indicated that
peak 2 samples corresponded to LPS—cross-linked proteins (Fig. 3,
B and C). Native-MS demonstrated that both peaks yielded distinct
lipid signatures, exemplified by OmpF V17787 (Fig. 3, D and E).

Webby et al., Sci. Adv. 8, eadc9566 (2022) 2 November 2022

The OmpF V177°F4 spectrum from peak 1 showed binding of up to
three PLs per trimer, whereas OmpF V177" from peak 2 was
cross-linked to LPS or combinations of LPS and PLs. Similar to
wild-type OmpF, no lipids were detected bound to OmpF V177" PA
that had not been exposed to UV light (fig. S7), confirming that
the PLs and LPS bound to the BPA mutants are covalently linked.
The observed cross-linking of OmpF V177°4 to either LPS or PLs
is explained by its central location in the hydrophobic B barrel where
the alkyl chains of both lipids meet. Other mid-barrel OmpF®**
mutants (V1965PA, G198BPA, T238BPA and 1.2818P4) yielded essen-
tially identical results (fig. S10). In contrast to mid-p barrel mu-
tants, OmpF sites located toward the periplasm (Y2025P4, Y2425,
and Y2858PA), comprising the so-called “aromatic girdle,” resulted
exclusively in PL cross-links (fig. S11). BPA incorporation sites
toward the extracellular side of the OmpF B barrel (E234°"4,
Q277BPA, and D312BPA) resulted in little or no detectable LPS (or
PL) cross-linking (fig. S12). Molecular dynamics simulations sug-
gested that the lack of reactivity is due to the low number of C—H
bonds in the extracellular head group of LPS, in which BPA typically
inserts (fig. S13A).

In summary, BPA-photoactivatable cross-linking into the OM
of E. coli demonstrates that the predominant first-shell interactions
of OMPs are to lipids, not to other OMPs. Our cross-linking approach
is validated by the fact that the lipid asymmetries observed for
OmpF reflect directly the asymmetric nature of the OM itself (fig.
S13), first described by Kamio and Nikaido (43) in bulk modifica-
tion experiments on Salmonella.

Promiscuous OMP-OMP associations are mediated by
interfacial lipids

A notable consequence of BPA-mediated OMP cross-linking to OM
lipids was the copurification of other OMPs (Figs. 2, A and C, and 3,
B and C), identified by LC-MS/MS of extracted bands from SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) gels and, in the
case of OmpF and FepA, confirmed by native-MS experiments
(Fig. 3, D and E, figs. S9 to S12, and tables S2 to S4). The migration
positions of additional OMPs in SDS-PAGE, along with the absence
of any peptides from the BPA-containing proteins themselves, indi-
cated that they were not cross-linked species but had been retained
during purification as a consequence of the target OMPs’ covalent
attachment to OM lipids. This interpretation is given further weight
by the observation that coeluting, detergent-solubilized OMPs are
readily separated by ion exchange chromatography in the absence
of BPA cross-linking (fig. S14). The same phenomenon was observed
for all three target OMPs although the abundance, number, and
identity of additional OMPs that copurified varied, sometimes even
for different barrel positions within the same OMP. BtuB W164*F4,
which engages in a direct protein-protein interaction with BamA
(fig. S6), likely also associates with BamA via LPS (Fig. 2A), empha-
sizing the alternate ways by which promiscuous interactions are
mediated. Several BtuBBPA proteins copurified with small amounts
of the peptidoglycan-binding protein OmpA, one of the most abun-
dant proteins in the OM. The absence of OmpA from most of our
experiments is likely due to its retention with the cell wall since lyso-
zyme was not used in the OMP extraction protocol. FepA®"* mu-
tants resulted in the copurification of up to five additional OMPs.
SDS-PAGE showed FepAP** mutants copurifying with the porins
OmpF and OmpC, the siderophore transporters FhuE and FhuA,
and the LPS insertase LptD (Fig. 2C). Fluorescence microscopy
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Fig. 2. BtuB®”* and FepA®™” cross-linking into the OM enhances associations with other OMPs and lipids. (A) Denaturing SDS-polyacrylamide gel of BtuB®" variants
extracted from the OM of E. coli RK5016 cells following UV exposure and stained with Coomassie blue for protein (top) and emerald green for LPS (bottom). Several variants
cross-link to LPS, as indicated by a gel shift and fluorescence with LPS stain, which is not observed in wild-type BtuB or a no-UV BtuB W164%" control. Small amounts of
OmpA are observed in BtuB variants that contain BPA. The noncovalent recruitment of BamA to BtuB W164%™ (black asterisk) was confirmed by peptide fingerprinting
and Western blot. (B) Top view of BtuB f barrel showing BPA incorporation sites (gray spheres) where BPA cross-linking into the membrane results in covalent attachment
of LPS. (C) Denaturing SDS-polyacrylamide gel of FepA®™ variants extracted from the OM of E. coli BW25113 AFepA cells following UV exposure and stained with
Coomassie blue for protein (top) and emerald green for LPS (bottom). FepAB™A mutants that have been exposed to UV copurify with the same complement of additional
OMPs, OmpF/C, FhuE, and LptD, but their yields vary between BPA incorporation sites. In the absence of UV exposure, there is a notable reduction in the copurification
of OMPs. Although the number of LPS cross-links appear minimal (only two are detected on the gel), it is likely that the increased copurification of OmpF/C for FepAB™A
mutants arises from lipid-mediated interactions with cross-linked PL and/or with LPS associated noncovalently with porins. (D) Top view of FepA B barrel showing BPA
incorporation sites (gray spheres) where cross-linking into the membrane results in covalent attachment of LPS.

experiments showed that LtpD was clustered within OmpF-containing
regions similar to the clustering observed for TBDTs (fig. S1F).
Native-MS data further indicated that FepA coextracted porins are
predominantly homo- and heterotrimers of OmpF and OmpC (fig. S9
and table S3) (44, 45). Last, both SDS-PAGE and native-MS showed
that most UV-activated OmpF*™* mutants, particularly when cross-
linked to LPS, resulted in copurification of FepA and FhuA (Fig. 3,
figs. S10 to 12, and table S4).

Webby et al., Sci. Adv. 8, eadc9566 (2022) 2 November 2022

LPS-mediated, noncovalent complexes of UV-activated OmpF***
and FepAPP* mutants with other OMPs do not survive gas phase
energization in native-MS experiments. We therefore developed
alternate approaches to investigate these higher-order assemblies
in vitro, focusing on complexes of OmpF and the TBDTs BtuB and
FepA. For these experiments, we used the mid-barrel mutant OmpF
V17784 which cross-links to either PLs (peak 1) or LPS (peak 2).
SDS-PAGE of these purified fractions showed a similar pattern to
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Fig. 3. OmpF5"” cross-linking to the asymmetric lipids of the OM stabilizes promiscuous associations with TBDTs. (A) Representative UV,go absorbance recording from
the final anion exchange purification step showing wild-type OmpF eluting in a major peak (peak 1) with a trailing edge. Peak 1 persists following exposure of OmpFEPA
mutants to UV and a second peak (peak 2) appears eluting later in the salt gradient; representative profile of OmpF V1775 is shown. (B) OmpF5™ peak 1 samples were
analyzed by denaturing SDS-PAGE and stained with Coomassie blue for protein (top) and ProQ emerald green for LPS (bottom). In some cases, exposure of OmpF&™A
mutants to UV results in elevated levels of copurified FepA. (C) OmpF&™ peak 2 samples were analyzed by denaturing SDS-PAGE and stained with Coomassie blue for
protein (top) and ProQ emerald green for LPS (bottom). Cross-links between OmpFEPA mutants and LPS, as indicated by fluorescence following emerald green staining of
SDS-PAGE gels, result in enhanced copurification of the TBDTs FepA and FhuA. (D) Native-MS spectrum of UV-activated OmpF V1775PA peak 1 shows OmpF trimer cross-linked
to one to three PL molecules. Similar lipid cross-linking profiles are observed for peak 1 of other OmpFE™ mutants (figs. 510 and S11). Inset: a zoomed view of 21+ charge
state. Observed masses are listed in table S4. Gel inset of the same sample stained with Coomassie and emerald green confirms the absence of LPS staining for OmpF
V17757 peak 1. (E) Native-MS spectrum for OmpF V17757 from peak 2. Peak 2 corresponds to OmpF cross-linked to LPS with or without PLs and copurified FepA and FhuA
(apo- and LPS-bound forms). Insets: a zoomed view of OmpF trimer 21+ charge state and SDS-PAGE gel of sample confirm the presence of LPS in the cross-linked sample.
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the previous experiments wherein cross-linking to LPS was more  (46), revealed a heterologous complex of OmpF V177°**-LPS bound
effective at extracting additional OMPs from the membrane (FepA/  to FepA or FhuA (Fig. 4A). We next ascertained whether OmpF
FhuA) than PL cross-links. Analyzing these fractions by blue native = V177BPA cross-linked to PLs or LPS can form noncovalent com-
PAGE, an electrophoretic method for membrane protein complexes  plexes with exogenously supplied BtuB or FepA. The resulting
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Fig. 4. OM lipids mediate promiscuous higher-order complexes between OMPs in vitro. (A) Denaturing SDS-PAGE (top) and blue-native PAGE (bottom) of detergent-
solubilized OmpF and BtuB confirm that no high-molecular weight complexes are detected in single protein controls and in a 1:1 mixture (20 uM protein concentration).
OmpF V1775 without UV exposure resembles wild-type OmpF in both SDS-PAGE and native PAGE. Peak 1 and peak 2 of UV-exposed OmpF V1775 cross-linking to PL
and LPS, respectively, copurify with monomeric OMPs FhuA and/or FepA. The abundance of FepA and FhuA in the peak 2 (LPS bound) sample is sufficient to detect a
higher-molecular weight complex in blue-native PAGE demonstrating that cross-linked LPS promotes a promiscuous complex between trimeric OmpF and the copurified
TBDTs (arrow). Addition of purified BtuB (15 uM, with LPS bound noncovalently; fig. S7) to OmpF V1775 peak 1 and peak 2 samples results in the appearance of
higher-order complexes that are absent in the single protein controls. (B) Mass photometry data were collected following passage of OMPs through a size exclusion
column (SEC). The average plot for the pooled elution peak fractions is shown for OmpF V1 778PA peak 1 (green, 17 nM) and BtuB (blue, 17 nM). Two discrete SEC fractions
(D10 and D11) of the BtuB-OmpF V1775 mixture (pale green and purple) are also plotted. BtuB control data show that most of the species are monomeric with some
dimer formation. Similarly, the OmpF V1775 peak 1 control data show some self-association of OmpF trimers. Comparison of these individual protein controls with data
for BtuB and OmpF V17787 mixture reveals an increased abundance of high-molecular mass species relative to the control samples. The inset shows the assignment of
OMP complexes within the sample to corresponding high mass peaks.
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high-molecular weight laddering in blue native PAGE—not observed
in the no—cross-linking and single protein controls—was consistent
with these OMPs forming noncovalent complexes with OmpF
(Fig. 4A). Addition of purified LPS to samples amplified the laddering
effect and demonstrated that all three OMPs weakly self-associate
to form dimers or dimer of trimers for OmpF (fig. S15). We used
mass photometry to estimate protein masses. Our analysis focused
on OmpF V177BPA_PL (peak 1) due to monomeric barrel contami-
nation in OmpF V177BPA-LPS (peak 2). Samples were mixed with
BtuB (bound noncovalently to an LPS molecule), which revealed a
range of complexes of varying mass. In control experiments, self-
associated oligomers were observed, typically extending to a dimer
for monomeric barrels or dimer of trimers for OmpF (Fig. 4B).
However, in OmpF/BtuB mixtures, heterogeneous complexes pre-
dominated in mass photometry experiments, which showed OmpF
associating with up to three BtuB molecules to form a ~600-kDa
complex (Fig. 4B and fig. S16).

We conclude that promiscuous associations of OMPs in E. coli
are mediated by the asymmetric lipids that surround them. The
covalent attachment of first-shell lipids to OMPs, particularly LPS,
significantly stabilized OMP-lipid-OMP complexes that otherwise
dissociate during detergent solubilization of the OM. As a result, we
uncovered a propensity for trimeric porins to associate with mono-
meric OMPs such as TBDTs.

LPS promotes promiscuous associations between
heterologous OMPs, suppressing mobility and mediating
supramolecular lattices that maintain OM integrity

To understand how heterologous OMP-lipid-OMP complexes lead
to higher-order OMP assemblies, we developed a computational
model of a supramolecular OMP island (Fig. 5), the structure and
composition of which were based on cross-linking, native-MS,
fluorescence microscopy, and AFM data. The model is founded on
six principles/assumptions. First, most OMPs are surrounded by a
shell of asymmetric lipids. Second, rather than residing within a sea
of LPS, OMPs are often associated with other OMPs via interfacial
lipids (Fig. 5A). Third, the network formed by the abundant porins
OmpF/C dominates the OM landscape. Low-abundance OMPs such
as TBDTs and LptD reside within these networks. Colocalization
is supported by diffraction-limited epifluorescence data, where
TBDTs and LptD reside in OmpF-rich regions (fig. S1), and by
AFM data that identify individual FepA molecules within OmpF
networks (Fig. 5C). Fourth, we suggest that “guest” OMPs such as
TBDTs not only reside within porin-rich regions but also associate
with these porins through shared annular lipids, likely exploiting
the threefold symmetry of the porin (Figs. 4B and 5B). Fifth, previ-
ous in vitro and in vivo AFM data show that porins form imperfect
hexagonal arrays interspersed with small triangular arrangements
(fig. S17) (30, 47-50). Our supramolecular model respects two as-
pects of these sixfold and threefold symmetries, the distance be-
tween OMP-OMP centroids (~80 to 90 A) and the internal angles of
the triangles (~57° to 63°). Sixth, OMP islands/clusters are likely to
be diverse in terms of their composition, containing both mono-
meric and trimeric OMPs.

We incorporated seven different OMPs in a simulated OMP island
(SOI); OmpF, BtuB, FhuE, FhuA, FepA, BamA (and lipoproteins,
BamBCDE), and LptD (and lipoprotein LptE). OmpA was not in-
cluded for the reasons discussed above. To make the SOI computa-
tionally tractable, its dimensions were set to 150 nm by 150 nm, which
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is similar to the dimensions reported for BamA clusters determined
by three-dimensional structured illumination microscopy (29) but
smaller than most estimates of OMP islands/clusters (27, 28). The
assumptions underpinning the SOI meant that it could accommo-
date 218 OMPs within its lattice structure. Of less importance was
the absolute number for each OMP, with the exception of OmpF, the
clustering of which is the basis for the lattice. Here, we applied
the constraint that OmpF be present at 47% of the total, which is
similar to whole-cell abundance estimates for OmpF/C from pro-
teomic studies (32). The remainder was distributed equally among
monomeric OMPs in the model. This resulted in abundance estimates
for some OMPs (FepA and BtuB) that are consistent with estimates
from photobleaching data (fig. S1), while others (e.g., BamA and
LptD) are more speculative. The key point is that E. coli OMPs, re-
gardless of B barrel size or relative abundance, are all accommodated
within a common hexagonal array.

The OMPs of the SOI were incorporated into an asymmetric
bilayer (51) made up of 8093 LPS and 25,099 PL molecules [90%
16:0 to 18:1 phosphoethanolamine (POPE), 5% 16:0 to 18:1 palmitoyl-
phosphatidylglycerol (POPG), and 5% cardiolipin]. The form of
LPS used in the computational model lacks O-antigen, commonly
referred to as rough LPS. This form of LPS is the same as that found
in the E. coli K-12 strains used in the present study (MG1655,
BW25113, and BZB1107). LPS outnumbers OMPs by almost two
orders of magnitude in the SOIL ~18 LPS molecules envelope an
OmpF trimer, and ~13 LPS molecules envelope a TBDT J barrel.
The total mass of the SOI is ~80 MDa, ~27% of which is accounted
for by OMPs. To evaluate how good the computational model is of
native OMP clustering in E. coli, we compared OMP near-neighbor
contact distributions from the SOI with those from live-cell AFM
data (30). The comparison demonstrates that the SOI is a reason-
able representation of OMP clustering (fig. S17). Moreover, removal
of intervening LPS (see below) generated near-neighbor contact
distributions significantly smaller than those seen in vivo (fig. S17),
which is consistent with these networks in E. coli being mediated by
LPS. Further confirmation that the lattice arrangement of the SOI is
a fair depiction of OMP clustering is the close apposition of separate
BAM complexes, which is in agreement with recent inter-BAMPPA
cross-linking studies (52). Last, for very long (microsecond) simula-
tions, we reduced the system yet further to a subsection of the SOI
that contained 48 OMPs/4373 LPS/13,059 PLs.

The SOI was used to explore two aspects of this supramolecular
assembly: its packing and internal mobility. Long simulations
showed that interfacial PLs are mobile within the island. By contrast,
OMPs and associated LPS molecules are largely immobile (movie S1).
Both observations are consistent with experimental data even though
the time domains for the latter are typically six orders of magnitude
longer (27, 53), emphasizing that even microsecond simulations
capture the essence of differential mobility between the two lipid
envelopes. The original OMP island hypothesis posited that direct
OMP-OMP associations drive OMP clustering (54), yet in the present
work, only 1 of 29 BPA mutants identified such a contact. We used
the SOI to explore why these contacts are rare. Interfacial LPS and
PLs were manually removed from the system, leaving “holes” in the
OM. After 2 ps of simulation, some of the OMPs had moved to
interact directly with each other, but holes between them remained,
some the size of the antibiotic vancomycin (fig. S18). Thus, direct
OMP-OMP packing is poor in the absence of LPS, potentially com-
promising the barrier function of the membrane.
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Fig. 5. OMP-lipid-OMP complexes are the functional units of supramolecular OMP assemblies that stretch across the entire E. coli OM. (A) Snapshot of MD simu-
lation for the OmpF-LPS/PL-BtuB complex showing the mutual sharing of asymmetric lipids. OmpF mid-barrel residues L259 and 1273 (purple spheres) are highlighted for
reference. (B) Snapshot of molecular dynamics (MD) simulation for a heterologous lipid-mediated complex formed between trimeric OmpF (green) and neighboring
OMPs. LPS is shown in dark gray with molecules surrounding the central OmpF in white. (C) AFM imaging the OM of a live E. coli MG1655 cell labeled with FepA-binding
ColB-mCherry (marked as pink balls). As in previous work (30), phase images provide the highest contrast for detecting the trimeric porin network (purple dots). The
simultaneously recorded height image shows the positions of ColB-mCherry fluorescent labels as local height maxima. The overlay of FepA positions with the trimeric
porins demonstrates that FepA is embedded within the porin network. In addition, there are regions where OMPs do not appear, previously identified as LPS-enriched
domains (30). Scale bars, 50 nm. Color (phase/height) scales are 1.1°/2.5 nm and 1.1°, respectively. (D) Model of the simulated OMP island (SOI) in which OmpF (green)
hosts heterologous OMPs within its hexagonal arrays. Monomeric B barrels and associated proteins incorporated into the island (detailed in key) were all identified in the
present work. A total of 102 OmpF trimers are presented in the model, forming 18 hexagons. n, number of specific OMP in simulation. (E) Cartoon of an E. coli cell depicting
the OMP-LPS-OMP network across the OM. The high relative abundance of OmpF results in the porin being spread over much of the cell surface. OMP islands (highlighted
by colored OMP island) immersed within a black and white OMP background are embedded within the OmpF network.

Our cross-linking data suggest that although both lipids of the
OM mediate promiscuous OMP associations, LPS is most effective
(Fig. 4). We compared the outcomes of simulations for OMPs residing
in either a symmetric PL/PL or asymmetric LPS/PL membrane to
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determine the basis for this difference. OMPs and PLs showed
increased mobility in the symmetric membrane but, as in previous
simulations, OMPs and LPS were static in the asymmetric membrane
(fig. S19) (55). Consequently, the triangular and hexagonal lattice
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arrangements of OMPs were quickly lost in the symmetric PL bilayer
(fig. S19). Closer examination of OMP-lipid lifetimes in the two
simulations showed that LPS interacted with an OMP for 97.3% of
the simulation, with essentially equal contributions from the three
portions of the molecule (lipid tails, head group, and glycans). By
contrast, PL interactions lasted for 5.6% of the simulation, the tran-
sient nature of the interaction due to their smaller size and reduced
propensity for hydrophobic, polar, and electrostatic interactions.
The SOI therefore explains why BPA-mediated cross-linking to LPS
stabilizes interconnections between OMPs more effectively than PLs
(Figs. 4 and 5 and fig. S19).

The dual hydrophobic/hydrophilic nature of LPS makes the OM
impermeable to molecules of either polarity. The present work
demonstrates that an additional advantage of LPS in the outer leaflet
is its stabilization of OMP assemblies, which, by reducing lateral
mobility, maintains the structural integrity of the OM.

DISCUSSION

Less than 10% of the E. coli MG1655 OM is LPS only (30). The bulk
of the OM instead comprises networks of OMPs, primarily porins
(30). These regions are nevertheless heterogeneous, as shown by
the presence of OMP islands within OmpF-rich regions (fig. S1).
Together, a picture of the E. coli OM as a mosaic of heterogeneous
OMP islands/clusters within an expanse of porins emerges (Fig. 5E).
Why some OMPs (such as TBDTs) appear clustered on the cell surface,
while OmpF is more widely distributed, remains an open question.
The different patterns might reflect the same punctate secretion to
the OM, for example, via a Sec-BAM supercomplex as has been pro-
posed recently (56), but with distinct outcomes depending on levels
of expression.

The basic organizational units of OMP networks are noncovalent
OMP-LPS-OMP complexes. These units are the building blocks of
larger assemblies in which low-abundance, monomeric OMPs are
accommodated. Although the nature of the cross-linking experi-
ments captures only direct OMP-LPS interactions, it is possible that
more than one shell of LPS could contribute to the maintenance of
OMP-LPS-OMP complexes. The resulting heterologous structures
contain functionally diverse OMPs, including the biogenesis proteins
LptD and BamA. Their presence ensures local deposition of LPS
and OMPs, respectively, circumventing the problem of restricted
diffusion (54). Collectively, OMP-LPS-OMP complexes likely con-
stitute a formidable mode of cell envelope stabilization. For example,
there are ~1400 OMP-LPS-OMP contacts in our 150 nm x 150 nm
SOI model. Since the SOI constitutes ~0.06% OM surface area of a
typical E. coli cell (~6 um?), this equates to >10° LPS-mediated
cross-bridges interlinking the OMPs of the OM, which is in addi-
tion to the stabilization afforded by divalent cations that bridge the
head groups of neighboring LPS molecules. We suggest that the
OMP-LPS-OMP network explains many of the biophysical properties
of the E. coli OM: the absence of long-range diffusion (54), its stiff-
ness, load-bearing capacity (57, 58), and its driving of the terminal
stages of BamA-catalyzed OMP folding (59).

Supramolecular OMP organization sheds new light on several
areas of OM biology: OM expansion: The impermeability of the OM
has to be maintained during growth. Insulating every OMP from its
neighbor by a layer of LPS overcomes this problem while still building
a stabilizing lattice. OMP turnover: The LPS-mediated interaction
network leads to the spatiotemporal behavior of OMPs, which, in
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turn, leads to their turnover by binary partitioning (27, 29). Binary
partitioning would be impossible in a symmetric PL/PL membrane
because of protein mixing. Maintenance of OM asymmetry: If PLs
inadvertently become localized to the outer leaflet, they are removed
and shuttled back to the inner membrane by the maintenance of
lipid asymmetry (Mla) system. MlaA is the starting point for retro-
grade transport through its selective extraction of PLs from the outer
leaflet. MlaA binds OmpF and OmpC (60, 61), but why this close
association exists has been a mystery. The present work suggests
that the rationale for this pairing may have its origins in protection
of the LPS-mediated porin lattice, which, as a consequence, main-
tains lipid asymmetry. Colicin and bacteriophage intoxication:
Colicins and bacteriophages typically associate with two components
of the OM to activate import and infection, respectively, in E. coli.
The long tail fibers of bacteriophage T4 bind LPS and OmpC (62),
and colicin E9 binds OmpF and BtuB (35, 42). In both cases, the two
components are colocated by virtue of the lipid-mediated OMP net-
work. Colocation has been observed directly in the OM translocon
structure of colicin E9 wherein the p barrels of BtuB and OmpF abut
each other, with unassigned density wedged between them likely
to be intervening LPS (67). S-layer assembly: Many Gram-negative
bacteria assemble a protein S-layer beyond the OM through non-
covalent attachment to the oligosaccharides of smooth LPS. Recent
structures of the Caulobacter crescentus S-layer protein RsaA bound
to O-antigen reveal hexagonal arrays, but how these relate to the
OM ~180 A away on the cell surface is unclear (63, 64). We speculate
that the hexagonal arrangement of S-layer proteins may be mirror-
ing sixfold symmetries intrinsic to the supramolecular organization
of the OM itself.

MATERIALS AND METHODS

Colicin purification

Colicins were purified as described previously following expression
in BL21 (DE3) cells New England Biolabs (NEB) and purified using nickel
affinity chromatography and size exclusion chromatography (SEC)
(33, 65-67). In cases where conjugation of Alexa Fluor maleimide
was required, disulfide bonds were reduced with dithiothreitol
(DTT; 5 mM), following which the reducing agent was removed,
by passage over a HiTrap high performance (HP) desalting column
(5 ml, Cytiva). Alexa Fluor dye (10 mM in 100% dimethyl sulfoxide)
was added to protein in threefold molar excess, and the sample was
left to incubate in the dark at room temperature for 1 hour. The
reaction was quenched with DTT (10 mM), and excess dye was
removed by desalting. The desalted sample was applied to a Superdex
10/300 column equilibrated in 20 mM tris-HCl (pH 7.5) and 150 mM
NaCl, and protein-containing fractions were pooled. Final protein con-
centration and labeling efficiency was determined by UV absorbance
using sequence-based extinction coefficient and dye absorbance
coefficients provided by Thermo Fisher Scientific.

Microscopy

A day before microscopy, E. coli MG1655, a K-12 strain with a trun-
cated form of LPS, was grown in 10 ml of LB and then transferred to
M09 glucose [M9 minimal media, 2 mM MgSOy, 0.1 mM CaCl,,
0.4% (w/v) glucose, and 0.05% casamino acids] overnight. On the
morning of microscopy, a 500-ul aliquot of overnight culture was
pelleted and resuspended in 4 ml of fresh M9 glucose. E. coli MG1655
was grown to an ODggp (optical density at 600 nm) of 0.4 to 0.5.
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ODgp 0.6 culture (500 ul) was pelleted and resuspended in 200 pl of
fresh M9 glucose supplemented with 200 nM CoIN'***mCherry
and 200 nM ColE94488 (for BtuB) or 200 nM ColB-GFP (for FepA).
Labeling was conducted for 10 min, at room temperature, on a
rotary shaker. Labeled cells were pelleted and resuspended in 1 ml
of 4% formaldehyde at 4°C for 30 min [diluent: phosphate-buffered
saline (PBS)]. After fixing, three wash steps were conducted in
PBS. Aliquots (4 ul) of cells were loaded onto 1% PBS-agarose pads
for imaging. Imaging was conducted using an Oxford Nanoimager S
with a 100x 1.49 numerical aperture (NA) oil immersion objective.
CoIN""®mCherry-labeled OmpF was visualized with a 561-nm laser
line at approximately 20 mW. ColE9AF488-labeled BtuB and ColB-
GFP-labeled FepA were visualized with a 473-nm laser line at approx-
imately 20 mW. Imaging was conducted at an exposure time of 100 ms.

OmpF and LptD colabeling

A day before microscopy, E. coli BW25113, a K12 strain with a trun-
cated form of LPS, was grown in 10 ml of LB and then transferred to
M9 glucose [M9 minimal media, 2 mM MgSQOy4, 0.1 mM CaCl,,
0.4% (w/v) glucose, and 0.05% casamino acids] overnight. The fol-
lowing morning, a 500-ul aliquot was pelleted and resuspended in
4 ml of fresh M9 glucose. E. coli BW25113 was grown to an ODgg
of 0.4 to 0.5. Cells were fixed by exposure to 4% formaldehyde at
4°C for 30 min. Fixed cells were pelleted and resuspended in 4 ml of
PBS supplemented with 0.3% Triton X-100 for 20 min, at which
point 500 pl of culture (ODgg of 0.6) was pelleted and resuspended
in 100 pl of PBS supplemented with 0.01% Triton X-100, 200 nM
Colicin N***mCherry, and AF488 Fab LptD antibody (0.038 mg/ml;
2B11) (68). Labeling was carried out for 1 hour, at room tempera-
ture on a rotary shaker followed by three wash steps in PBS + 0.01%
Triton X-100. Aliquots (4 pl) of cells were loaded onto PBS, 1% agarose
pads for imaging. Imaging was conducted as described above. A
calibration bead slide was imaged for channel alignment.

Maxima per cell analysis

The long axis, short axis, and intensity of each cell were normalized,
to ensure that intensity-independent fluorescence distribution was
directly comparable between cells. Each cell image was converted to
8-bit grayscale, and maxima were identified with the “find maxima”
Image] tool set to a prevalence of 20. Maxima found outside the
bounds of cells were eliminated.

Intensity based protein counting

Cells were prepared as described above. For each sample, 10 fields
of view of 1000 frames were collected at an exposure time of 50 ms.
Bleaching was conducted with a 20-mW 473-nm laser. The intensity
of single ColE9*™*® and ColB-GFP proteins was determined by
measuring the intensity of blinking molecules toward the end of the
1000 frame acquisitions. The average fluorescence intensity of the
off and on state of blinking molecules was determined. The following
equation was used to estimate the number of proteins per island

I~ B;

i

Proteins per island =

where I; is the unbleached protein island intensity, B; is the back-
ground (off state) intensity of a single blinking fluorophore, and F;
is the intensity of a single blinking fluorophore.

BPA incorporation and extraction of OM fractions
Plasmids encoding ompF, btuB, and fepA were modified by site-
directed mutagenesis to incorporate TAG amber stop codon at
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selected sites. Following transformation of each mutated plasmid
along with the pVol plasmid into chemically competent cell lines
BZB1107 (AompF, AompC, and AlamB) for OmpF, RK5016 (metE70
argH btuB recA) for BtuB, and BW25113 (AfepA) for FepA. All cell
lines used for protein expression have truncated LPS molecules;
BZB1107 is a B strain with an insertion sequence (IS) element in
the waaT gene (69), while RK5016 and BW25113 K-12 strains have
an IS5 insertion in the wbbL gene (70-72). Cells were grown in LB
(pH 6.4), containing 0.5 mM BPA (dissolved in 0.8 M NaOH and
pH maintained by the addition of 0.8 M HCI) and appropriate anti-
biotics, until an ODggg of 0.5 to 0.7 was attained. Protein expression
was induced through addition of 0.15% arabinose, and OmpF-producing
cells were maintained at 37°C for 2 hours or maintained at 18°C
overnight for BtuB- and FepA-producing cells. Cells were harvested
by centrifugation (4200 rpm, 20°C, 12 min) and resuspended in 2 ml of
lysis buffer [10 mM tris-HCI (pH 8.0), 0.25% lithium 3,5-diiodosalicylic
acid, and 1 mM phenylmethylsulfonyl fluoride per liter of cells]. Cells
(5 to 8 ml) were added to a 10 cm by 10 cm petri dish on an ice pack
in a CL-1000 Ultraviolet Crosslinker and exposed to UV (365 nm)
for 90 min, with mixing at 45 min. OM fractions containing OmpF,
BtuB (42), or FepA (66) were extracted following lysis by sonication
(no lysozyme was added; thus, PG-interacting proteins remained
insoluble) and through a series of centrifugation steps, with solubi-
lization in 2% B-OG (42, 67).

Purification of OmpF and FepA

OM fraction containing OMP of interest was syringe-filtered (0.45 um)
and applied to new Q Sepharose resin [~20 ml = 1 column volume
(CV)] equilibrated in 10 mM tris-HCl (pH 8.0), 5 mM EDTA, and
1% B-OG. After two CV washes, protein was eluted using a linear
salt gradient from 0 to 500 mM LiCl across 3.6 or 4.5 CV, for OmpF
and FepA, respectively. Fractions containing the protein of interest,
as determined by SDS-PAGE, were pooled and concentrated to
<2 ml before loading on a Superdex 200 16/60 column equilibrated
in 10 mM tris-HCI (pH 8.0), 5 mM EDTA, and 1% B-OG. Buffer-
exchanged protein was syringe-filtered (0.45 um) and applied to a
MonoQ 4.6/100 PE column equilibrated in SEC buffer. Following a
four CV wash step, the protein of interest was eluted using a linear
salt gradient from 0 to 400 mM LiCl over 14 or 30 CV for OmpF
and FepA, respectively. SDS-PAGE analysis was used to confirm the
identity of OMPs within each elution peak. Individual peaks were
pooled separately, spin-concentrated (50,000 molecular weight cutoff
(MWCO), vivaspin), and desalted using a HiTrap 5-ml desalting col-
umn. Protein concentration was estimated from absorbance at 280 nm
assuming a sequence-based extinction coefficient of 54,210 M ™' cm™
for OmpF, 12,083 M ' cm ™" for BPA, and 156,315 M ' cm™ for FepA.

Purification of BtuB

Solubilized OM fraction was syringe-filtered (0.45 um) and loaded
onto a new diethylaminoethanol Sepharose resin packed in an XK
16/20 column (~20 ml CV), equilibrated with 90% low-salt buffer
[50 mM tris-HCI (pH 7.5), 5 mM EDTA, and 0.54% B-OG] and 10%
high-salt buffer [50 mM tris-HCI (pH 7.5), 5 mM EDTA, 0.54%
B-OG, and 1 M LiCl]. The column was washed with 10% high-salt
buffer until a stable baseline was obtained (~2 CV), and further
contaminants were removed by a 10 to 50% high-salt buffer linear
gradient over 3.5 CV. BtuB was eluted in 1-ml fractions (96-well
plate) after stepping to 100% high-salt buffer. The sample was left
overnight at 4°C, during which BtuB precipitated. BtuB was pelleted
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by centrifugation (12,000g, 4°C, 15 min) and resuspended in SEC
buffer containing 10 mM tris-HCI (pH 8.0), 5 mM EDTA, and 1%
B-OG. Protein was loaded onto a Superdex 200 16/60 column equili-
brated in SEC buffer, and fractions containing BtuB, as confirmed
by SDS-PAGE, were pooled. A final ion exchange step (MonoQ
4.6/100 PE column), followed by desalting, was applied where re-
quired, using the protocol described above for OmpF. Protein con-
centration was estimated from absorbance at 280 nm assuming a
sequence-based extinction coefficient of 150,010 M ™' cm ™ for BtuB
and 12,083 M cm ™" for BPA.

Colicin-based plate-killing assay

OM insertion of OMPs was validated through colicin-based killing
assays. Cells (strains as described above for protein expression)
were transformed with plasmid encoding the protein of interest and
pEVOL-pBpF (Addgene plasmid #31190) (for BPA mutants only),
and 5 ml of cultures grown to an ODgg of 0.6, at which protein
expression was induced with 0.15% arabinose. Cells were subse-
quently maintained at 37°C for 2 hours before pelleting through
centrifugation (4200g, 20°C, 5 min). Pelleted cells were resuspended
in 0.2 ml of LB, mixed with 0.7% molten LB/agar (50°C), and poured
on 1% LB/agar plates. All LB agar contained 0.5 mM BPA (dissolved
in 0.8 M NaOH and pH maintained by the addition of 0.8 M HCI)
and appropriate antibiotics. Colicin (2 pl) was spotted on LB agar
plates and left to incubate overnight at 37°C. Colicin-based killing
was indicated by areas of clearance in the bacterial lawn.

Liquid growth colony-forming unit determination

Cells from overnight LB culture (5 ml) were used to inoculate 50 ml
of LB supplemented with kanamycin (50 pg/ml), as required, and
grown at 37°C until an ODggg of 0.5 to 0.7 was reached. Cells (25 ml)
were transferred into a 10-cm petri dish and placed on an ice block in
CL-1000 Ultraviolet Crosslinker. Cells were exposed to UV (365 nm)
for a total of 150 min, removing a sample (1 ml) at 30-min intervals.
A dilution series from 10* to 10'! was made up in LB for each sample
and 5 to 10 ul plated on 1% LB agar plates supplemented with kana-
mycin (50 pug/ml) as appropriate. Plates were left to grow overnight at
37°C. Colonies were counted and log colony-forming units (CFUs)
were calculated for each time point. Final logCFUs values are the
average of three biological replicates.

SDS-PAGE and pro-Q emerald LPS staining

Proteins were diluted 1:4 with 4x SDS-loading dye containing
200 mM tris-HCI (pH 6.8), 8% (w/v) SDS, 0.4% (w/v) bromophenol
blue, 40% (v/v) glycerol, and 400 mM B-mercaptoethanol. Samples
were denatured by boiling at 98°C for 2 min and loaded (8 ul) into
a 10% (w/v) bis-acrylamide gel. Gels were run in buffer containing
10% SDS, 250 mM tris-HCI, and 1.9 M glycine, at constant ampli-
tude (30 mA) until dye front reached bottom of gel (~35 min). For
SDS-PAGE, gels were stained with 10% (v/v) acetic acid, 50% (v/v)
ethanol, and 0.2% (w/v) Coomassie blue R-250 for 30 min, and de-
stained with 10% (v/v) acetic acid and 10% (v/v) ethanol. For LPS
staining, gels were rinsed with water before fixing with 100 ml of
50% (v/v) methanol and 5% (v/v) acetic acid solution and mixed
with gentle agitation (50 rpm orbital shaker) for 45 min. Fixation
step was repeated with fresh solution. Following fixation, gels were
washed with 100 ml of 3% (v/v) acetic acid and gentle agitation for
20 min; this was repeated twice before oxidizing LPS with 25 ml of
periodic acid (Thermo Fisher Scientific, P30636) and incubating for
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30 min with mixing. Gels were washed 3x with 3% acetic acid as
described above. Pro-Q Emerald 300 stain solution was prepared
fresh with 500 pl of stock (Thermo Fisher Scientific, P30635) diluted
in 25 ml of staining buffer (Thermo Fisher Scientific, P30636). Gels
were stained in the dark with gentle agitation (50 rpm) for 120 min.
Wash step with 3% acetic acid was repeated twice as described
above, before imaging fluorescence with GBOXCHEMI-XRQ gel
box equipped with GeneSys software. After imaging for LPS fluo-
rescence, gels were stained and destained with conventional SDS-
PAGE reagents.

Blue-native PAGE

Proteins were prepared (9 pl) at the required concentration (10 to
20 uM) in 10 mM tris-HCI (pH 8.0), 5 mM EDTA, and 1% B-OG
buffer, to which 0.45 pl of 5% G250 (Thermo Fisher Scientific,
BN2004) and 3 ul of 4x NativePAGE sample loading buffer (Thermo
Fisher Scientific BN2003) were added. Running buffer (1x) was
made from 20x stock of NativePAGE running buffer (Thermo
Fisher Scientific, BN2001), and 1x light blue cathode buffer was
made from 20x stocks of NativePAGE running buffer and Native
PAGE cathode additive (Thermo Fisher Scientific, BN2002).
NativePAGE Novex 4 to 16% bis-tris protein gel (Thermo Fisher
Scientific, BN1002BOX) and buffer solutions were cooled to 4°C
before loading samples (8 ul) and native mark unstained protein
ladder (Thermo Fisher Scientific, LC0725). Gels were run at 4°C at
150 V for 1 hour, followed by 1 hour at 250 V. Gels were stained
as described above for SDS-PAGE gels, with staining duration in-
creased to 1 hour.

LC-MS/MS cross-linking analysis

Purified OMPs were separated on 10% (acrylamide) SDS-PAGE gel
and stained with Coomassie. Following destaining, gel bands were
extracted individually, treated with 10 mM tris(2-carboxyethyl)
phosphine, followed by 50 mM 2-chloroacetamide, and dried with
100% acetonitrile. Peptides were generated after digestion with 5 ug
of sequencing-grade trypsin (Promega) at 37°C overnight. Peptides
were analyzed on a Q Exactive mass spectrometer, as described
previously (66, 73). For protein ID experiments, data were searched
against an E. coli database in MaxQuant (74). After confirming likely
proteins within each gel band, the MS data were searched using the
pLink software (75), with two missed cleavages, carbamidomethyl-
Cys as fixed modification and Glu to pyro-Glu as variable modifica-
tion. In this instance, the database searched contained the identified
and target proteins and common contaminants. Data were initially
filtered to a false discovery rate of 1% after which fragmentation
patterns were used to isolate cross-links.

Native mass spectrometry

Proteins (10 to 100 uM) in 10 mM tris-HCI, 5 mM EDTA, and
1% B-OG buffer were exchanged into an “MS buffer” containing 1%
B-OG and 0.2 M ammonium acetate (pH 6.9) using a micro-biospin
6 column (Bio-Rad) according to the manufacturer’s manual. Each
sample was diluted with the MS buffer to a final protein concentra-
tion of 5 uM before measurement. Mass spectra were acquired on a
Q-Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) optimized for transmission
and detection of high-molecular weight protein complexes (76). An
approximately 3-pl aliquot of the sample was transferred into
gold-coated borosilicate capillary (Harvard Apparatus) and mounted
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on the nano electrospray ionization source. The instrument settings
were 1.2-kV capillary voltage, S-lens RF 200%, argon UHV pressure
3.1 x 107'" mbar, and a capillary temperature of 200°C. Voltages of
the ion transfer optics—injection flatapole, inter-flatapole lens, bent
flatapole, and transfer multipole—were set to 5, 3, 2, and 30 V, re-
spectively. The noise level was set at 3. Protein ions were activated
with a collisional activation voltage of 150 to 250 V in the HCD
cells, without in-source trapping. Data were visualized and exported
for processing using the Qual browser of Xcalibur 4.2 (Thermo
Fisher Scientific).

Mass photometry

Where applicable, OmpF V177°"* was mixed with BtuB in a buffer
containing 10 mM tris-HCI (pH 8.0), 5 mM EDTA, and 1% B-OG,
in a 1:2 molar ratio and left at 4°C overnight to allow for complex
formation. Individual proteins or protein mixtures (0.2 to 0.4 mg)
were then transferred into amphipol for analysis using a protocol
described previously (67). Samples were loaded onto SEC columns
(Superose 6 increase 10/300), and individual fractions were collected
(0.25 ml). Protein concentration in fractions was calculated from
280-nm absorbance using sequence-based extinction coefficients.
Coverslips (no. 1.5, 24 x 50 and 24 x 24 mm? VMR) were cleaned
by sonication in 50% isopropanol (high-performance liquid chroma-
tography grade) and Milli-Q water and oven-dried at 110°C for
1 hour. Measuring chambers were assembled by placing 2 x 2 microwell
gaskets onto the cleaned coverslips. Measurements were taken using
either a commercial mass photometer (One™”, Refeyn Ltd., Oxford,
UK) or a similar, home-built mass photometer, as described previ-
ously (77). For each measurement, 3 pl of buffer solution was added
to the gasket, and the focus position was identified and secured for
the entire measurement. Sample (27 pl) freshly diluted to 30 to
60 nM was then added, and particle landing was recorded for 60 s.
Fivefold frame binning and 4 x 4 pixel binning was applied during
recording, resulting in a final frame rate of 200 Hz and a pixel size
of 84.4 nm/pixel for the home-built and 70.2 nm/pixel for the com-
mercial mass photometer. Each measurement was repeated at least
three times, in separate gaskets.

The videos of landing assays were analyzed using DiscoverMP
(version 2.3, Refeyn Ltd), which detects particle-binding events and
calculates the interferometric scattering contrasts, with two user-
specified image thresholds (T1 and T2) and number of frames aver-
aged for continuous background removal, 7y, applied. For T1,
T test of pixel density fluctuation due to sharp change of pixel inten-
sity caused by particle binding to the glass surface is calculated, and
the T1 value specifies the smallest amplitude change exceeding
random noise associated with landing events. T2 measures the radial
symmetry of the pixel neighborhood and specifies the lowest amount
of radial symmetry expected at the center of a landing event, thanks
to the radial symmetry signatures of landing events in interferometric
images (78). Peak fitting is performed on groups of pixels that sur-
pass both thresholds T1 and T2. The interferometric peak contrast
was estimated using the amplitude of the peak fit. Analyzed lists of
particles were exported, and data are analyzed and fitted using the
MATLAB (2020b) curve-fitting toolbox.

To convert peak contrast to molecular weight values, we per-
formed calibration measurements with proteins of known molecular
weight. Internal standard with known oligomeric distribution was
measured before the start and after the end of each set of measure-
ments and analyzed using DiscoverMP as above, with peak centers
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fitted by DiscoverMP Gaussian fittings. The peak center values were
then plotted against the known molecular masses of the protein
standard and fitted to a curve y = bx, with y as contrast, x as mass,
and b as calibration factor.

Atomic force microscopy

BW25113 E. coli were grown in LB overnight, then diluted 100x to
fresh LB, and grown for a further 2.5 hours. Exponentially growing
cells were washed three times by spinning for 1 min at 7000g and
resuspending in MM (1x M9 salts, 2 mM MgSOy, 0.1 mM CaCl,,
and 0.4% glucose) at an ODgq of 0.5. Bacteria (500 ul) were then
spun, resuspended in MM with 0.2 mM ColB-mCherry, incubated
atroom temperature on a rotary shaker for 10 min, and then washed
with MM three times by spinning and resuspending. Last, cells were
resuspended in 100 ul of 20 mM Hepes, applied to a Vectabond-
coated coverslip for 5 min, and washed three times with 1 ml of MM.
Vectabond-coated coverslips were prepared by thoroughly cleaning
and then coating 13-mm glass coverslips (VWR) by sonicating in
1% SDS solution in a bath sonicator at 37 kHz and 100% power for
10 min, rinsing in milliQ water, and then ethanol and nitrogen drying;
they were then plasma-cleaned in air at 70% power for 2 min. This
cleaning process was then repeated once more. Clean coverslips
were then coated by soaking in a 50:1 solution of acetone:vectabond
(Vector Laboratories) for 5 min, and they were then rinsed in
milliQ water, dried with nitrogen, and glued to clean glass slides
(Reprorubber thin pour, Flexbar) (79).

Dynamic (AC) mode AFM was performed with a FastScanD
cantilever on a Nanowizard III AFM with UltraSpeed head (Bruker
AXS) with an Andor Zyla 5.5 USB3 fluorescence camera on an
OlympusIX 73 inverted optical microscope. Dead cells were stained
with SYTOX green nucleic acid stain (Thermo Fisher Scientific)
and not used for imaging. The cantilever was driven at a frequency
between 90 and 140 kHz, with a setpoint of 5 to 15 nm (corresponding
to 50 to 70% of the free amplitude). Images were acquired at 500 nm
and 512-pixel square, recorded at 2- to 8-Hz line frequency. Height
and phase images were first processed by converting jpk files to text
in gwyddion, a bandpass filter (1 to 50 px) was then applied in
Image]J (80) to remove the curvature of the cell, and a 1-pixel Gaussian
filter was applied to remove high-frequency noise. Images were fur-
ther processed using a custom macro that applied a bandpass filter
(1 to 20 px) to remove general surface roughness and then the Find
Maxima function was applied to find pores or labels from the phase
and height channels, respectively, based on analysis code previously
used and published elsewhere (30). Because of differences in con-
trast, pore finding was not always accurate; thus, missed or incorrect
locations were corrected by visual inspection of the data and pore
localizations. Patches were identified by hand. Color scales were set
in gwyddion (81).

Molecular dynamics simulations

The structures of the OMPs simulated were obtained from the RCSB
protein databank: OmpF [Protein Data Bank (PDB): 3POX] (82),
FhuA (PDB: 1QFG) (41), BtuB (PDB: 3M8D) (83), FepA (PDB:
1FEP) (84), FhuE (PDB: 6E4V) (85), LptDE (PDB: 4RHB), and
BamABCDE (PDB: 5AYW) (86). To build the coarse-grained systems
of the subsection of SOI embedded in a membrane, the Martini
Maker tool (87) from the CHARMM-GUI server (88, 89) was used,
whereas the whole SOI system (150 x 150 nm) was built with the
insane tool (90). The Martini force fields have previously been shown
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to reproduce experimental LPS, OMP, and PL behaviors and are the
industry standard coarse-grained models for bacterial membrane
simulations (26, 36, 91). Three systems (OmpF + three OMPs, OMP
island, and smaller OMP island) were embedded in an OM model
composed of a 100% rough LPS (Lacking O-antigen) outer leaflet
and an inner leaflet containing 90% 16:0 to 18:1 POPE, 5% 16:0 to
18:1 POPG, and 5% cardiolipin. Explicit water (standard Martini)
and counterion (0.2 M Na" CI") particles were added to all simula-
tions. Ca®* ions were used to neutralize LPS negative charges. Mo-
lecular dynamics simulations were performed on the OmpF + three
OMPs and on the smaller OMP island systems using the GROMACS
simulation suite (version 2020.4) (92) along with the Martini 2.2
force field (93). The velocity rescale thermostat (94) with a coupling
constant of £ = 1 was applied to maintain the temperature constant
at 313 K. The Parrinello-Rahman barostat (95) with a time constant
of 12 ps was used for the pressure coupling. In the lipid removal
equilibration simulations, lipids were removed in small batches,
and then the system was equilibrated in steps of 20 ns initially, and
100 ns after the removal process was finished, in a total of 500 ns of
equilibration. Overall, the simulation protocol followed the details
provided in a previous report (40), with the total time for simula-
tions being 2000 ns. Residence time interactions were calculated
using the PyLipID software (96), using a dual cutoff of 0.475
and 0.8 nm.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.adc9566
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