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Abstract

Aim: Gram-negative bacteria release outer membrane vesicles (OMVs) that fulfill many functions including
survival during stress conditions, delivery of virulence factors, and nutrient acquisition. Additionally, they are
increasingly used as an alternative for live bacteria in vaccine development and as a platform for bioengineering.
Recently, OMVs have also been applied to express recombinant outer membrane proteins (OMPs) in their natural
context as an alternative to the cumbersome reconstitution in liposomes. Here, we use an Escherichia coli strain that
lacks four major OMPs for selective expression of the B-barrel assembly machinery (BAM) complex and PhoE in
OMVs.

Methods: OMV production of Escherichia coli BL21(DE3) and its omp8 derivative upon overexpression of BAM and
PhoE is compared and characterized.

Results: We find that overexpression of the BAM complex and PhoE causes a strong hypervesiculation phenotype,
and the OMVs produced are intact and appear to recruit the BamA subunit of BAM and PhoE in their correctly
folded and assembled conformations.
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Conclusion: While the exact mechanism of hypervesiculation remains to be elucidated, it contributes to the
suitability of the BL21(DE3)omp8 host strain to produce recombinant OMP-enriched OMVs that can be used for
various purposes, including structural analysis.

Keywords: Outer membrane vesicles, B-barrel proteins, BL21(DE3), BAM complex

INTRODUCTION

The outer membrane (OM) of Gram-negative bacteria is an asymmetric bilayer consisting of an inner leaflet
of regular phospholipids and an outer leaflet of lipopolysaccharide (LPS)"?. Together, they form a barrier
toward external agents, including standard-of-care antibiotics. The OM is home to p-barrel type
transmembrane proteins that participate in multiple physiological processes including nutrient uptake. In
addition, lipoproteins are anchored in the OM with their active part protruding into the periplasm or
external space. In Escherichia coli, the thin peptidoglycan (PG) network in the periplasm is connected to the
OM via the periplasmic domains of OmpA and Braun’s lipoprotein. Together, the connected PG and OM

form a mechanical layer that protects cellular integrity and provides osmoresistance®.

Extracellular vesicles can be formed in Gram-negative bacteria in two ways: by explosive lysis or by blebbing
of the OM. Here we focus on the latter, whereby the OM can expand and form small vesicles (20-200 nm)
that bud from the membrane and are released into the extracellular environment***. These outer
membrane vesicles (OMVs) include lipids, LPS, outer membrane proteins (OMPs), and encapsulated
periplasmic content that mimics their parental cellular equivalent, although some proteins may be enriched
in or, rather, be excluded from the OMVs. The mechanism of OMV formation is largely unclear but
appears well-regulated and specific. Stress conditions that contribute to OMV formation include the
accumulation of misfolded proteins in the periplasm and OM, alterations in LPS content and structure, and
impaired connection of the OM to the underlying PG layer. In recent years, evidence is accumulating that
OMVs play an important role not only in cell stress relief and envelope homeostasis but also in a plethora of
other physiological processes such as nutrient acquisition, horizontal gene transfer, and interbacterial
communication®”. Importantly, OMVs can neutralize antibiotics and phages. Further links to pathogenesis
include the induction of biofilm formation, modulation of host immune responses, and serving as a
secretion and delivery vehicle for toxins®”.

The versatility of OMV3s is exploited in biotechnology and medical applications. For instance, OMV’s are
used as nanocarriers for enzymes that can be either encapsulated to improve stability or exposed at the
surface for use in bioremediation and enzymatic cascade reactions””. Currently, there is a great deal of
interest in OMV's as a versatile platform for cancer immunotherapy, and antigen delivery in vaccine
applications™®*'. In the latter modality, they form an attractive, safe (non-replicating) alternative for live
attenuated vaccines with which they share a strong intrinsic adjuvant activity. Recent developments involve
bioengineered OMVs that are decorated with recombinant antigens, which are either genetically
incorporated into surface-exposed carrier proteins, or enzymatically or chemically coupled to such carrier

5,9,10]

proteins'

To display recombinant antigens at the surface of Salmonella typhimurium OMVs, we have developed a
“display” platform using a non-secreted variant of the autotransporter E. coli hemoglobin protease (Hbp), in
which surface-exposed parts were replaced by antigens""'?. Hbp is an autotransporter that follows a two-
step secretion/display mechanism®". Transport of Hbp across the OM is mediated by its C-terminal
B-barrel domain, which also involves the p-barrel assembly machinery (BAM), a general system required for
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the insertion and folding of most p-barrel type OMPs*. To increase the display efficiency of Hbp fusions
on the OMV’s, we have co-overexpressed the BAM"*'%,

During these studies, we noticed that overexpression of BAM significantly increased the number of OMVs
formed. Here, we have investigated this hypervesiculation phenotype in more detail. We find that the effect
is particularly apparent in the E.coli BL21(DE3)omps strain that lacks the major OMPs OmpA, OmpF,
OmpC, and LamB". Overexpression of the OMP PhoE also caused hypervesiculation, indicating that the
effect is not specific for BAM. Further characterization of the OMVs indicated that they are fully intact and
the overproduced OMPs are recruited in a properly folded and assembled conformation in the correct
orientation. Therefore, overproduction of p-barrel type OMPs in BL21(DE3)omps appears to be a
promising generic strategy to overproduce OMPs in their native context in the absence of major
endogenous OMPs. Potential applications of the generated OMV's are in biotechnology and vaccine
development, but also in the structural analysis of OMPs, predominantly by cryotomography, for which the
nanosized OMVs are specifically suitable.

METHODS

Bacterial strains, plasmids, and culture conditions

Bacterial cells were grown in lysogeny broth (LB) composed of yeast extract (5 g/L; Oxoid), tryptone (10 g/L;
Oxoid), and NaCl (10 g/L). The antibiotics ampicillin (Amp) and chloramphenicol (Cam) were added at
100 and 30 pg/mL, respectively, where appropriate. Primary cultures were grown in 5 mL LB overnight and
then used to inoculate secondary cultures with an initial optical density at 600 nm (OD,,,) of ~0.05. The
cultures were incubated at 37 °C and at 200 rpm. Cells were induced with isopropyl-a-d-
thiogalactopyranoside (IPTG) for 2 h, starting at mid-log phase (OD,,, ~0.5), unless mentioned otherwise.
Cells were harvested by centrifugation at 12,000 x g for 10 min at 4 °C.

The bacterial strains and plasmids used in this study are listed in Tables 1 and 2, respectively. E. coli strains
DHso and Top10F were used for all molecular cloning procedures. The E. coli BL21(DE3) and
BL21(DE3)omps strains were used as hosts for overexpression of BAM and PhoE and purification of
OMVs. For overexpression of BAM, consisting of subunits BamA-E, pJH114"” was used, a kind gift from
Harris Bernstein. In this construct, BamE contains an 8xHis tag at its C-terminus for the purification of the
assembled BAM complex. Using pJH114 as a basis, we also constructed a BAM complex variant with BamA
containing a single cysteine residue in loop 7 of the BamA barrel, inserted between residues Gln753 and
Tyr754. The insertion was made using overlap extension polymerase chain reaction (PCR) in three stages.
The primers used for the site-directed mutagenesis are listed in Supplementary Table 1. One PCR used the
upstream forward primer (pr_M13(-47)_fw) and a reverse primer carrying the cysteine insertion
(pr_BamAcys_rv). A second PCR used the corresponding forward primer with the cysteine insertion
(pr_BamAcys_fw) and a downstream reverse primer (pr_bamA_Mut_Xbal_rv). The resulting two
amplicons were then combined as templates in a third PCR with primers spanning the entire bamA gene
(pr_M13(-47)_fw and pr_bamA_Mut_Xbal_rv). The resulting amplicon was used to replace bamA in
pJH114 using restriction enzyme digestion, resulting in pJH114 BamA®*, and the successful insertion was
confirmed by DNA sequencing (Macrogen).

Isolation of OMVs

OMVs were isolated from bacterial cultures using a differential centrifugation protocol essentially as
described"”. Bacterial strains were grown as described above. Cells were then pelleted by low-speed
centrifugation at 5,000 x g for 10 min at 4 °C, and the supernatant was filtered through a 0.45 pm
nitrocellulose membrane to remove residual cells and debris. The filtered supernatant was subjected to
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Table 1. List of bacterial strains and their genotype used in this study

Strains Genotype Reference
DH5a. E. coli K12 F p80lacZAM15 A(lacZYA-argF)U169 recAl endAT hsdR17(r,, m[) phoA supE44 ) thi-1gyrA96  Thermofisher
relA1 Scientific
Topl10F E. coli K12 F'{laclg, Tn10(TetR)} mcrA A(mrr-hsdRMS-mcrBC) p80lacZAMI5 AlacX74 recAT araD139 A(ara-  Thermofisher
leu)7697 galU galK rpsL(StrR) endA1 nupG Scientific
BL21(DE3) E. coli B F ompT gal dem lon hsdSB(rB'mB’) A(DE3 [lacl lacUV5-T7p07 ind1 sam7 nin51) [malBIK-12(AS) Thermofisher
(DE3) Scientific
BL21(DE3)omp8 BL21(DE3), AlamB ompF::Tn5 AompA AompC [16]

Table 2. List of plasmids used in this study

Plasmids Description Reference

pTRC-His A IPTG-inducible P, Amp'; Empty vector Thermofisher Scientific
pJH114 P,,c::bamA-bamB-bamC-bamD-bamE(His8), Amp" (71

pEH3-PhoE IPTG-inducible Py, ys:phok, Cam' [18]

pJH114 BamA™* P,.:bamA™*-bamB-bamC-bamD-bamE(His8), Amp’ This study

ultracentrifugation at 235,000 x g for 2 h at 4 °C, and the OMYV pellet was resuspended in phosphate-
buffered saline (PBS) and stored at -80 °C. The volume was adjusted to the OD,, of the bacterial culture it
was isolated from to ensure that the OMYV yield is approximately normalized for the number of cells
harvested.

Isolation of cell envelopes

Cell envelope (CE) fractions were isolated from bacterial cultures following the protocol described in"*. In
short, cell pellets were washed in PBS and then resuspended in a lysis buffer (5 mM Tris-HCl pH 7.4,
100 mM NaCl, 1 mM EDTA) supplemented with a Complete protease inhibitor cocktail (Roche, Germany).
Cells were broken by two passages through the One-Shot disruptor (Constant System Ltd., UK) at 1.9 kbar,
after which cell debris was removed by centrifugation (10,000 x g 10 min, 4 °C). Soluble protein and
membrane fractions were separated by ultracentrifugation (293,000 x g, 60 min, 4 °C) and the latter were
resuspended in PBS to serve as CE fractions. All steps were performed on ice or at 4 °C and samples were
stored at -20 °C until analysis.

SDS-PAGE and Western blotting

Both cell lysates and OMVs were analyzed by 12% SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel
electrophoresis), Coomassie staining, and Western blotting. Sample loading was corrected based on the
OD,,, of the culture prior to harvesting. As primary antibodies, we used rabbit anti-BAM complex"”, anti-
PhoE/OmpC/OmpF (a gift from Jan Tommassen), and anti-FtsH (lab collection). As secondary antibodies,
horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibodies (Rockland) were used. Blots were
developed using the chemiluminescent ECL Prime substrate (Amersham), and the signal was detected using
an Amersham Imager 600 (GE Healthcare).

Nanoparticle tracking analysis

OMYV production was quantified using nanoparticle tracking analysis (NTA) with a NanoSight NS300
instrument (Malvern Panalytical). OMVs were diluted in PBS to achieve an appropriate concentration for
analysis (107-10” particles/mL). The size distribution and concentration of OMVs were determined by
tracking the Brownian motion of individual particles using NTA software. A standard protocol (3 s x 30 s)
with camera level 12, threshold 3, and screen gain 10 was used.
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Heat modifiability assay

Heat modifiability was examined to determine the folding state of p-barrel OMPs. OMV samples were split
into two aliquots, of which one was solubilized in 2X sample buffer containing 125 mM Tris-HCI (pH 6.8),
20% glycerol, 10% B-mercaptoethanol, and 0.02% bromophenol blue with 4% SDS and heated at 95 °C for 10
min (denaturing conditions), while the other aliquot was solubilized in semi-native sample buffer (0.4%
SDS) and left at room temperature (native conditions). The samples were then subjected to semi-native
SDS-PAGE at 4 °C, where the resolving gel lacked SDS, and analyzed by Coomassie Blue staining and
Western blotting.

Pull-down of the bam complex via BamE-8x his tag

BAM-enriched OMVs from BL21(DE3)omps harboring pJH114 were solubilized in Buffer A (50 mM
sodium phosphate, 500 mM NaCl, 10% glycerol, 10 mM imidazole, pH 7.5) with 2% n-Dodecyl-p-D-
Maltoside (DDM) by incubation on ice for 60 min. Insoluble material was removed by ultracentrifugation
(200,000 x g, 30 min, 4 °C), and the supernatant was diluted in Buffer A containing 0.2% DDM before
application to a pre-equilibrated (Buffer A) His SpinTrap™ TALON column (GE Healthcare). The column
was incubated with the sample under end-over-end rotation using a Hula mixer at room temperature for
60 min to allow His-tagged BamE to bind. Unbound proteins were collected by centrifugation, followed by
three washes with Buffer A + 0.2% DDM to remove non-specifically bound proteins. Proteins were
subsequently eluted in two fractions using Buffer B (50 mM sodium phosphate, 500 mM NaCl, 10%
glycerol, 400 mM imidazole, pH 7.5) with 0.2% DDM to maintain solubilization of membrane-associated
components. Unbound material, wash and elution fractions were collected and analyzed by SDS-PAGE and
Western blotting using antibodies against BAM complex to confirm the presence of all its subunits.

Protease accessibility assay and N-terminal sequencing by edman degradation

The proteinase K (ProtK) assay was essentially carried out as described earlier!”. OMVs were diluted in
50 mM Tris-Cl (pH 7.5), 1 mM CaCl,, and subsequently digested at 37 °C for 30 min with 100 pg/mL ProtK
(Roche). As a negative control, intact OMVs were incubated under the same conditions in reaction buffer
without ProtK. As a positive control, OMVs were solubilized with 1% (v/v) Triton X-100 on ice for 15 min
prior to adding ProtK. ProtK reactions were terminated with 0.2 mM phenylmethylsulphonyl fluoride and
placed on ice for 10 min. Samples were analyzed by SDS-PAGE, followed by Coomassie staining and
Western blotting using antibodies against the BAM complex.

The N-terminal amino acids of the BamA degradation products were blotted onto a polyvinylidene
difluoride membrane. The membrane was stained with Coomassie and the bands to be sequenced were
excised and sent to Alphalyse, Denmark, for analysis using Edman degradation. The sequentially generated
amino acids were identified using high-performance liquid chromatography.

Surface biotin labeling of BamA extracellular loop region

OMVs were isolated from induced BL21(DE3)omps cells harboring pJH114 BamA®* or pJH114 expressing
wild-type (WT) BamA as a control. The BamA protein levels in both of these OMV samples were
determined using a BSA standard. To specifically label the exposed cysteine, the OMVs were incubated with
EZ-Link™ Maleimide-PEG11-Biotin (MPB; Thermo Scientific) at a 1:11 molar ratio of BamA to biotin for
24 h in PBS at 4 °C. A control reaction, lacking the MPB probe, was prepared in parallel using the same
conditions. The samples were examined by SDS-PAGE followed by Coomassie blue staining to assess total
protein content, and by Western blotting using streptavidin-HRP (Amersham, Cytiva) to detect biotinylated
protein.
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Electron microscopy

Transmission electron microscopy (TEM) was essentially performed according to"”. BL21(DE3)omps cells
transformed with pJH114 and induced for expression of BAM with 100 uM IPTG were collected and
pelleted at 5,000 x ¢ for 10 min. Cells were washed in PBS and resuspended in 4% paraformaldehyde and
0.5% glutaraldehyde for 2 h at room temperature and subsequently post-fixed with 1% OsO4. The samples
were dehydrated in an alcohol series and embedded in epon (LX-112 resin; Ladd Research, Williston, VT,
USA). Ultrathin (80 nm) epon sections were collected on Formvar-coated grids. Sections on grids were
counterstained with uranyl acetate and lead citrate and imaged using a FEI Tecnai-12 G2 Spirit Biotwin
electron microscope (FEI, Eindhoven, the Netherlands).

To visualize OMVs of BL21(DE3)omp8 cultures, samples were directly applied to grids. In this case, the
copper grids were first coated with a 5 nm continuous carbon layer and were glow-discharged for 30 s at
25 mAh using a GloQube Plus Glow Discharge System (Electron Microscopy Sciences). OMV samples (4 pL
or dilutions thereof) were applied to the grids for 30 s and then blotted off from the side with filter paper.
The grid was then washed once with 4 uL of staining solution (2% uranyl acetate), followed by staining for
30 s with the same solution. The stain was blotted off from the side and grids were air-dried before being
imaged using a Talos L120C TEM (Thermo Fisher Scientific) equipped with a 4K Ceta CEMOS camera
using TIA.

RESULTS

Overproduction of the BAM complex in BL21(DE3)omp8 leads to extreme hypervesiculation

In an attempt to isolate OMV's that are enriched for the BAM complex and have limited interference from
other OMPs, we chose to use BL21(DE3)omps harboring pJH114 comprising all Bam genes (encoding
BamA-E) under IPTG promoter control as the expression strain. The BL21(DE3)omps8 is a genetically
engineered derivative of the common BL21(DE3) E. coli expression strain and features knockouts of four
major OMP genes: ompA, ompC, ompF, and lamB'*. The strain was made to improve the production of
heterologous or homologous recombinant OMPs in the OM by removing the burden of endogenous
B-barrel OMPs. WT reference strain BL21 (DE3) and its derivative BL21(DE3)omp8 transformed with
pJH114 or the empty expression vector pTRC-His A (EV) as control, were grown and induced with 100 pM
IPTG at early log phase. OMV's were purified 2 h after induction started by filtration and ultracentrifugation
and analyzed for protein content by SDS-PAGE [Figure 1A]. Whole cell lysates (WCL) were also analyzed
to assess overall protein expression. In WCL and OMV fractions of BAM-overexpressing BL21(DE3), the
~88-kDa BamA and ~35-kDa BamC subunits are detected on Coomassie-stained SDS-PAGE gels
(Figure 1A, left panel), but the other subunits are also expressed, as is primarily evident from the Western
blot analysis (Figure 1A, right panel). Of note, BamB appears diminished compared to BamC-E, which
probably reflects either a more loose association or proteolytic degradation, as was observed earlier.
Strikingly, induced expression of BAM in BL21(DE3)omps resulted in large amounts of the BAM subunits
in the OMYV fraction (Figure 1A, left panel), whereas expression in the cells appeared similar to BL21(DE3)
cells. In fact, the OMYV fractions had to be diluted 10 times to avoid gel overloading. An explanation for this
unexpected result could be that under these expression conditions, vesiculation is strongly increased. To
investigate this further, we subjected the OMV fractions to NTA [Figure 1B]. Indeed, BAM overproduction
led to a dramatic increase in vesicle production (~30-fold). Of note, analysis of the EV control samples
showed that BL21(DE3)omps already increased vesicle formation by ~10-fold compared to its parental
strain BL21(DE3) without any BAM expression, being 5.5e10° OMV particles/OD,,, and 4.3e10” OMV
particles/OD,,,, respectively, as has been observed before'””. This was attributed to the lack of OmpaA, as it
forms a connection between the OM and PG that is known to be important for CE integrity"’.
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Figure 1. OMV production is increased upon overexpression of the BAM complex and PhoE. (A) CBB-stained SDS-PAGE gel (Left panel)
and W-blot incubated with anti-BAM complex antibodies (Right) of WCL and OMVs obtained from cultures of BL21(DE3) WT or
BL21(DE3) omp8 (omp8) harboring the empty vector pTRC-His9a (EV), pJH114 expressing the BAM complex (BAM), or pEH3-PhoE
expressing PhoE (PhoE). Shown are the relevant parts of the CBB-stained gel, containing samples induced with 100 uM IPTG, and the
corresponding regions of the Western blot, containing samples either induced (+) or not induced (-) with 100 uM IPTG. The OD¢,,
equivalents of the culture loaded in each sample are indicated. Molecular weight markers are shown on the right, and the positions of
BAM subunits are marked on the left based on their expected molecular mass. The black asterisk (x) indicates mature PhoE protein; the
open asterisk (¥) denotes pre-processed PhoE (with signal peptide) that accumulates upon overexpression; and the dot (e) indicates
chloramphenicol acetyltransferase encoded by the pEH3-PhoE plasmid; (B) Results of NTA of OMVs isolated from BL21(DE3) WT and
omp8 cultures containing EV, BAM, or PhoE. The left panel shows the number of vesicles per OD,, of culture, the middle panel depicts
the increase in vesicle number relative to WT with EV, and the right panel displays the average vesicle diameter. Bar graphs were
generated using GraphPad; (C) Transmission electron microscopy images of BL21(DE3) omp8 cells induced for BAM expression (Top)
and OMVs from BL21(DE3) omp8 harboring EV (bottom left) or BAM (bottom right). The scale bar in the top right corner represents
100 nm. Black arrowheads @@ indicate vesicles in the top image, and open arrowheads @ indicate multilamellar OMVs in the bottom left
image. OMV: Outer membrane vesicle; BAM: B-barrel assembly machinery; PhoE: outer membrane porin PhoE; CBB: Coomassie brilliant
blue; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis; WCL: whole cell lysate; EV: empty vector; IPTG: isopropyl
B-D-1-thiogalactopyranoside; OD600: optical density at 600 nm; NTA: nanoparticle tracking analysis; WT: wild type; TEM: transmission
electron microscopy.

To examine the increased OMV production in more detail, we used transmission electron microscopy
(TEM) upon EPON embedding and sectioning to visualize BAM-overproducing BL21(DE3)omps cells
(Figure 1C, top image). Clearly, many small, round protrusions are visible at the bacterial cell surface, which
presumably represent OMVs before they are released into the medium. Purified OMVs from both BAM-
overproducing and EV control BL21(DE3)omps cells were also analyzed by negative stain TEM (Figure 1C,
bottom images). This showed spherical vesicles including some larger, collapsed structures that appear
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somewhat more abundant in the BAM-enriched sample. Additionally, multilamellar vesicles were observed
in the latter sample, but with low frequency. The vesicles appear smaller (20-50 nm) than the size
determined by NTA, which is known to be due to fixation and dehydration of the samples.

Overproduction of a g-barrel OMP in BL21(DE3)omp8 also leads to extreme hypervesiculation

We wondered whether the hypervesiculation was due to overexpression of the BAM complex, or perhaps
even reflects a more generic response to the overexpression of any p-barrel OMP. To examine this latter
possibility, we overexpressed the unrelated p-barrel OMP PhoE, a trimeric phosphate transporter that is
typically only expressed upon phosphate starvation””. Using again an IPTG-inducible promoter, we
detected strong expression of a protein with the expected size of the PhoE monomer in both strains [Figure
1A] that was confirmed to be PhoE by Western blotting using anti-PhoE antiserum (not shown). OMV
fractions of PhoE-overproducing BL21(DE3)omps clearly showed a massive increase in PhoE content
compared to BL21(DE3) WT [Figure 1A] and an even higher concentration of particles by NTA analysis
than upon BAM overexpression [Figure 1B]. This strongly suggests excessive vesiculation in the omp8
strain background as a generic response to induced overexpression of -barrel OMPs.

The OMV fractions appeared to be relatively “clean” upon SDS-PAGE and total protein staining
[Figure 1A], arguing against cell fragmentation and the formation of mixed outer-inner membrane vesicles.
Indeed, the inner membrane marker protein FtsH was detected exclusively in the WCL samples and not in
the OMV fractions [Supplementary Figure 1]. Additionally, the particles in OMV fractions of the
hypervesiculation conditions were in the 50-200 nm size range typical of OMVs"), similar to the control
conditions [Figure 1B]. This suggests that the increased number of particles generated by overexpression of
B-barrel OMPs in the omps strain represent authentic OMVss.

We noticed that PhoE expression in the omps strain harboring the PhoE expression plasmid was higher
than the expression of BamA upon BAM complex overexpression [Figure 1A] and this appeared to correlate
with a higher production level of OMVs [Figure 1B]. To investigate whether the hypervesiculation is,
indeed, proportional to the expression level of a B-barrel OMP, we titrated PhoE expression in the omps
strain by induction with a range of IPTG concentrations (20-100 uM) to investigate whether the production
of OMVs correlates with the extent of p-barrel insertion. Total PhoE expression was clearly titratable up to
100 pM IPTG induction [Figure 2A], showing a parallel increase in OMV production, as evident from the
protein staining [Figure 2A] and NTA analysis [Figure 2B] of the OMV fractions. Notably, the increase in
OMYV production was detected from 50 uM, suggesting that a threshold level of expression may be required
to induce OMV formation. Of note, the tested IPTG range of 0-100 pM had no influence on cell growth.
These results indicate that hypervesiculation appears to be proportional to the expression of the p-barrel
OMP. Overall, they suggest that the absence of major endogenous OMPs in the omps strain creates a
destabilized OM environment that predisposes the cells to OMV formation, a process that can be amplified
by a sudden burst of B-barrel OMP overexpression.

p-barrel OMPs in BL21(DE3)omp8 OMVs are properly folded

The high level of OMV production in the omp8 strain upon B-barrel OMP expression, combined with the
inclusion of the expressed p-barrel OMP in the OMVs, is potentially useful, provided that the OMPs are
properly folded. We therefore examined the quality of the OMV's carrying the overexpressed OMPs. First,
we analyzed the folding of BamA and PhoE accumulating in the OMVs of the overexpressing strains. In
general, the folding state of a p-barrel membrane protein can be assessed using semi-native SDS-PAGE"**,
B-barrel OMPs in general remain folded even in the presence of low concentrations of SDS, provided that
the samples are not heated. This results in an altered, usually faster, migration of the folded protein in the
gel compared to a heated, fully denatured sample. Using this “heat modifiability assay” on OMV fractions
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Figure 2. Increased expression of PhokE results in increased production of PhoE-containing OMVs. (A) CBB-stained SDS-PAGE gel
showing WCL and OMVs obtained from BL21(DE3) omp8 cultures expressing PhoE from pEH3-PhoE. The gel displays samples from
cultures that were not induced (0) or induced with 10, 50, or 100 uM IPTG. The amount of culture loaded, indicated by OD,
equivalents, is shown. The position of processed PhoE, based on its expected molecular weight, is marked on the left. The open asterisk
(®) indicates pre-processed PhoE (with signal peptide), while the dot (e) indicates chloramphenicol acetyltransferase encoded by the
pEH3-PhoE plasmid; (B) Results of NTA performed on OMVs isolated from BL21(DE3) omp8 cultures expressing different levels of
PhoE. The left panel shows the number of vesicles measured per OD,,, of culture, while the right panel illustrates the fold increase
relative to cultures with no IPTG added. Bar graphs were generated using GraphPad. PhoE: Outer membrane porin PhoE; OMV: outer
membrane vesicle; CBB: Coomassie brilliant blue; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis; WCL: whole
cell lysate; IPTG: isopropyl B-D-1-thiogalactopyranoside; OD600: optical density at 600 nm; NTA: nanoparticle tracking analysis.

from the BL21(DE3) and BL21(DE3)omps strains, we observed that BamA clearly migrates faster under
native conditions irrespective of the host strain used, indicating its folded state [Figure 3A]. This band on
SDS-PAGE gels ran under cooled conditions appears as a double band, suggesting different but unknown
conformations. In cultures not induced for BAM overexpression, BamA is faintly detectable, but also shifts
downward in the native samples. The other visible BAM subunits, BamB, C and D, showed no difference in
migration, as expected since these lipoproteins are less stable in the presence of even low concentrations of
SDS". On the other hand, in the OMV's of the BL21(DE3) strain, we observed heat modifiability of OmpF
in both the control EV and Bam-enriched OMVs (Figure 3A, lanes 7-12). Denatured OmpF runs as a single
band at ~37 kDa, while native OmpF is a homotrimer that runs higher up in the gel due to its association
with LPS®”. We also tested the heat modifiability of overexpressed PhoE in the omps strain [Figure 3B] and
found that in native OMV samples, all PhoE present appeared to shift to higher positions in the gel,
indicative of native PhoE trimers associated with LPS.

Our observation that BamA and PhoE in native samples of BL21(DE3)omp8 OMVs isolated from induced
cultures were almost exclusively in a folded conformation was unexpected. OMP overexpression often leads
to aberrant folding during translocation across the CE, and one of the functions attributed to OMV
shedding is the removal of misfolded OMPs" .. To investigate this further, we compared the folding status of
BamA in both OMVs and isolated CEs obtained from BL21(DE3)omps cultures induced for BAM
expression with 100 and 500 uM of IPTG, the latter concentration inducing full expression of the bamA-E
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Figure 3. OMVs contain fully folded B-barrel structures of BamA and trimeric PhoE. (A) Relevant parts of CBB-stained semi-native SDS-
PAGE gels showing native (N) and denatured (D) samples of OMVs and CEs from BL21(DE3) WT and BL21(DE3) omp8 cells containing
either EV or BAM, induced with 100 uM IPTG (+) or not induced (-). The ODy,, equivalents of the cultures loaded are indicated. Closed
and open arrowheads mark the positions of folded (« and unfolded @ BamA, respectively. The positions of BamB, BamC, and BamD are
indicated on the right. The open asterisk denotes the position of unfolded OmpF (¥) present in the WT samples; (B) Coomassie-stained
semi-native gels showing native (N) and denatured (D) samples of OMVs from BL21(DE3) omp8 cells expressing PhoE induced with
100 uM IPTG. The positions of monomeric denatured PhoE («mon-PhoE) and native trimeric PhoE (<tri-PhoE) are indicated; the trimer
runs as a smear due to its association with LPS; (C) Native and denatured samples from CEs and OMVs obtained from BL21(DE3) omp8
cells expressing BAM induced with 100 or 500 pM IPTG. Shown are relevant parts of two gels run in parallel (one for CEs and one for
OMVs). The positions of folded @ and unfolded @ BamA are indicated. The position of unfolded BamA in native samples is indicated by
a closed asterisk (*). OMV: Outer membrane vesicle; BAM: B-barrel assembly machinery; PhoE: outer membrane porin PhoE; CBB:
Coomassie brilliant blue; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis; WT: wild type; EV: empty vector; IPTG:
isopropyl B-D-1-thiogalactopyranoside; OD600: optical density at 600 nm; OmpF: outer membrane porin F; LPS: lipopolysaccharide;
CEs: cell envelopes.

operon from pJH114 [Figure 3C]. In contrast to the complete shift of BamA observed in OMVs (Figure 3C,
lanes 5-8), the native CE samples still contained considerable levels of BamA migrating at the position
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corresponding to denatured/unfolded BamA (Figure 3C, lanes 1-4). Apparently, not all BamA expressed
and present in the CEs had attained the stable p-barrel conformation, whereas OMVs exclusively contained
folded BamA. This effect appeared to be independent of BamB-E, as Omps cells that express only BamA
also showed exclusion of misfolded BamA from OMV's [Supplementary Figure 2]. Taken together, these
data indicate that the overproduced p-barrel proteins in omp8 OMVs are efficiently incorporated and
properly folded into their stable B-barrel conformation. Furthermore, nascent or misfolded B-barrel proteins
appear to be excluded from these OMVss.

BL21(DE3)omp8 OMVs are intact and have the correct OMP topology

We next investigated whether the omps OMVs produced under hypervesiculation conditions of BAM
overexpression are structurally intact and have the expected right-side out topology, similar to the native
OM. To this end, the OMVs were treated with ProtK, which is expected to degrade surface-exposed protein
domains but is unable to penetrate the membrane of intact OMVs. After ProtK treatment, the samples were
analyzed by SDS-PAGE, Coomassie staining, and Western blotting to detect the BAM subunits specifically.
The treatment clearly resulted in cleavage of BamA, generating two major fragments of ~74 and ~60 kDa
[Figure 4A]. N-terminal Edman sequencing of the first five amino acids of these two degradation products
revealed that the fragments both contained the N-terminus of mature BamA (Ala-Glu-Gly-Phe-Val),
showing that cleavage has occurred in a C-terminal region, potentially in the exposed loops 6 and 4,
respectively. Importantly, the cleavage pattern resembles that generated in whole bacteria under these
conditions™. In contrast, the accessory lipoproteins BamB-E, which are expected to be exposed to the
periplasmic side of the OM, appeared protected from ProtK proteolysis [Figure 4A]. It is relevant to note
that all BAM subunits were degraded when the OMVs were solubilized with Triton X-100, showing that
none of the subunits is intrinsically ProtK-resistant but rather protected by being inside the OMVs.

To further validate the orientation of BamA in the omps OMVs, we also used an alternative assay, labeling
of a surface-exposed cysteine using a membrane-impermeable probe. For this, we introduced a single
cysteine residue into the surface-exposed extracellular loop 7 of BamA"™”, between residues Gln753 and
Tyr754 (referred to as BamA®”, see Figure 4B), and expressed it together with the other BAM subunits using
the pJH114 context. This insertion site had been used previously for the introduction of a histidine tag
without compromising BAM complex functionality™. Of note, BamA contains two naturally occurring
cysteines at positions 690 and 700 in the partially exposed loop 6, which form a disulfide bond, precluding
their use as free labelling sites”". To confirm that the cysteine insertion does not affect BAM functioning, we
complemented depletion of BamA using the E. coli JCM166 strain, in which chromosomal bamA expression
is under control of an arabinose-inducible promoter, forcing cells to rely solely on plasmid-encoded BamA
when grown on medium without L-arabinose®**.. By spotting serial dilutions of JCM166 harboring
plasmids encoding the BAM complex with either WT BamA or BamA®* onto plates containing different
inducer conditions, we demonstrated that plasmid-based BamA®* expression can complement BamA
depletion just like WT BamA, indicating that BamA®* is fully functional.

We then isolated BAM-enriched omps OMV's harboring BamA®* or WT BamA as control, and quantified
their BamA content using a BSA standard. To assess the accessibility of the engineered cysteine residue, the
OMVs, normalized for BamA content, were incubated with MPB [Figure 4B] for covalent labeling of free
thiol groups. The samples were then analyzed by SDS-PAGE followed by Ponceau staining, confirming
comparable levels of BamA in both OMV samples (Figure 4B, left panel). Subsequent Western blot analysis
using streptavidin-HRP demonstrated a distinct chemiluminescence signal at the position of BamA in the
BamA®* sample (Figure 4B, right panel). In contrast, WT BamA showed hardly a detectable signal,
confirming the absence of reactive cysteines accessible to MBP in the native complex.
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Figure 4. The Bam complex in OMV:s is properly assembled, with BamA surface exposed. (A) ProtK treatment of Bam-containing
OMVs. The cartoon depicts the rationale of the experiment: OMVs with the BamA subunit of the BAM complex inserted into the OMV
membrane, with its extracellular loops exposed. ProtK (orange shapes) is externally added, making these extracellular loops accessible
to proteolytic cleavage. The panel on the right shows the relevant part of a CBB-stained gel of OMVs from BL21(DE3) omp8 cells
containing BAM, either treated with ProtK or left untreated as a control. The asterisk (%) indicates a BamA band resulting from ProtK
degradation. Lane 3 contains OMVs treated with Triton X-100 and ProtK, demonstrating the sensitivity of proteins, including BAM
subunits, when the OMVs are solubilized. The expected positions of the BAM subunits are indicated on the right; (B) Site-specific
labeling of BamA with an engineered cysteine. A cysteine was engineered between GIn753-Tyr754 of BamA, localized in an extracellular
loop, allowing labeling on intact OMVs. The cartoon depicts the experiment design: OMVs carrying BAM with the engineered BamA®*
are first incubated with a MBP linker that binds the exposed cysteine residue. As a control, OMVs containing BAM with non-mutated
BamA are used. The samples are analyzed by SDS-PAGE and Western blotting, with detection using a Strep-HRP. The panel shows the
Ponceau stain of the blot (left) and a merged luminescence and bright-light image (right). Lane 2 contains the Precision Plus Protein™
prestained marker (Bio-Rad), which is visible on the right panel due to the merged images. The expected position of BamA is indicated
on the right; (C) Pull-down of BAM using His-tagged BamE. The BAM complex encoded by pJH114 includes a His-tagged BamE
[BamE(His)], enabling pull-down using TALON resin. The blot shows samples from this pull-down experiment using OMVs solubilized
with DDM. The lanes contain the FT, W, and two elution fractions (E1 and E2). The expected positions of the BAM subunits are depicted
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on the right. OMV: Outer membrane vesicle; BAM: B-barrel assembly machinery; ProtK: proteinase K; CBB: Coomassie brilliant blue;
SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Triton X-100: a non-ionic surfactant; MBP: Maleimide-PEG-
Biotin; Strep-HRP: Streptavidin-HRP conjugate; DDM: n-dodecyl-B-D-maltoside; FT: flow-through; W: wash; E1/E2: elution fractions 1
and 2.

Taken together, the data indicate that the OMV's are intact and correctly oriented with a protected lumen
corresponding to the periplasm and an exposed OM surface where extracellular BamA loops are accessible.

Overexpressed BAM subunits assemble into a full complex in BL21(DE3)omp8 OMVs

To confirm that the overexpressed BAM subunits in the OMVs also form a BAM complex, we analyzed
complex formation using BamE-Hiss for affinity-based purification as shown previously!”. We used the
same approach to assess Bam complex formation in the omps OMVs that were solubilized with DDM prior
to purification on a TALON column. SDS-PAGE followed by Coomassie and Western blot analysis of the
different fractions indicated efficient binding of BamE(His) to the column (Figure 4C, FT) and elution of
BamE and associated BamA-D in the eluted fractions (Figure 4C, E1 and E2), indicating full BAM complex
assembly in the OMVs. The excess amounts of Bam A-D that were detected in the non-bound (FT) fraction
probably reflect the superstoichiometric presence of these BAM subunits. Nevertheless, the OMVs appear
proficient in BAM complex assembly, and this complex appears to be the main constituent of the omps
OMVs.

DISCUSSION

Excessive OMV production has been attributed to loss of OM-PG interactions, accumulation of
recombinant proteins in the periplasm, LPS remodeling, and stress invoked by different processes****.

Apart from relieving stress by restoring CE homeostasis, OMVs also have a role in cell-to-cell
communication and host-pathogen interactions. Recombinant OMVs are increasingly used in different
areas of applied and fundamental research. For instance, they offer a non-live, hence safe, alternative for live
attenuated vaccines, providing a facsimile of the OM in an immunogenic particle format***'*. Engineered
OMVs are also explored for use in cancer immunotherapy and drug delivery®'.. Importantly, they can be
used as a structural scaffold for overexpressed OMPs to retain their native conformation and topology in
the asymmetric LPS-lipid OM bilayer”>*. This can be a first step in a purification process or provide an
attractive, non-living carrier of suitable size for functional and structural studies of OMPs***. The
BL21(DE3)omps strain lacks the most abundant OMPs and has been shown to be an attractive host for
expression of recombinant OMPs that appear abundant in the relatively vacant OMVs*>**7* We
demonstrate here that the omps8 strain has the added advantage that, in response to induced expression of a
recombinant p-barrel OMP, it strongly increases the production of OMV's compared to its parental strain
BL21(DE3), thus facilitating downstream processing. Of note, the omp8 host already produces ~10-fold
more OMVs than the regular BL21(DE3) strain, which is probably due to the lack of OmpA that forms one
of the connections to the PG layer underneath the OM"”. However, the hypervesiculation upon induced
B-barrel OMP expression is much stronger in the omp8 derivative (~60-fold) and remains unexplained. Of
note, we describe here this phenomenon for BL21(DE3) and its omp8 derivative, but have also observed it
when overexpressing BAM in E. coli K-12 strains. Our results with BL21(DE3)omp8 suggest that other -
barrel proteins may also yield a similar increase in vesiculation in K-12strains, but this remains to be tested.

We were concerned that loss of OM integrity and lysis would contribute to the increase in OMVs produced
under these conditions. However, all our analyses of the quality of the OMVs point toward intact,
homogeneous OMVs of correct (right-side out) topology, in which the overexpressed OMPs tested (the
BAM complex and PhoE) are properly folded and assembled. First, the OMVs produced by omps cells
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when overexpressing p-barrels or not appear to have a similar size distribution, as judged from TEM and
NTA particle analysis [Figure 1]. Second, the OMV's appeared impermeable to ProtK, since it only cleaved
surface-exposed parts of BamA, suggesting the OMV's are intact and correctly oriented. Third, the p-barrel
OMPs that we have overproduced in omps cells, BamA and PhoE, appeared to be properly folded as they
showed heat modifiability. Similar levels of inserted recombinant OMPs were found by others”>****",
Interestingly, we found that the BAM OMV's were, in fact, enriched for folded BamA compared to the CEs
from which they originated, as the latter contained a considerable amount of unfolded or misfolded BamA.
Fourth, overexpression of the BAM subunits resulted in the presence of fully assembled BAM complex in
the OMVs, as shown by pull down analysis. It should be mentioned that during the preparation of this
study, the Hiller group also reported successful expression and assembly of the BAM complex in omp8
OMVs that were functional and used to develop a high-throughput screening assay for inhibitors of BAM
function™.

All these features of the BL21(DE3)omps OMYVs indicate that the hypervesiculation observed upon p-barrel
OMP overexpression results from an acceleration of the “normal” mechanism of OMV formation, rather
than uncovering a radically novel way of vesicle formation. This said, little is known about the molecular
mechanism that underlies OMV formation, and a limitation of the current study is that we provide no new
insights into this mechanism. Several biogenesis mechanisms have been proposed to explain why certain
cues lead to hypervesiculation™?. One of the cues is the accumulation of misfolded OMPs in the periplasm,
which causes CE stress and a physical outward pressure on the OM. However, our data indicate that
unfolded BamA is specifically excluded from the OMV's rather than being recruited and released via OMVs.
Additionally, because the omps strain lacks most natural OMPs, there should be sufficient capacity of the
machinery involved in the trafficking, insertion, and folding of OMPs, as shown by the abundance of OMPs
in omps-derived vesicles”**>**”.. Obviously, the omp8 OM composition is completely different from the
normal OM and this could impact OMV biogenesis when a sudden burst of p-barrel OMP biogenesis must
be accommodated. The lack of OmpA weakens the integrity of the OM by reducing stabilizing connections
with the PG, which on its own leads to moderate hypervesiculation. The lack of the porin OmpC may
affect lipid homeostasis in the OM as it is connected to the Mla system. This machinery is involved in the
retrograde transport of phospholipids that have aberrantly entered the outer LPS leaflet*”. The imbalance
between OMPs and LPS may lead to this accumulation of phospholipids, a condition that is known to cause
vesiculation”. Importantly, in addition to the consequences of the lack of individual OMPs, the whole
fabric of the OM is different in the omp8 strain. AFM measurements have shown that OMPs are normally
packed in a mosaic of ordered networks, held together by LPS molecules. These rather immobile protein
islands with high OMP density cover ~70% of the cell surface'***". They also contain BAM complexes that
may operate in “precincts” within these islands, where a few complexes are assembled through interactions
between BamA and BamB of neighboring complexes*’. It is possible that, in the absence of this
supramolecular context in the OM of the omps strain, its BAM complexes will insert and fold
overexpressed B-barrel OMPs, after which they may assemble in irregular oligomeric structures. These, in
turn, may change the local curvature of an OM whose integrity is already affected by the lack of load-
bearing OMPs, triggering OMV formation. Alternatively, the sudden change in OMP-LPS balance may
induce OMV formation via stress-related signaling pathways, as multiple CE stress systems monitor OM
integrity*".

It will be interesting to further investigate the mechanism of the extreme vesiculation in the omp8 strain
under OMP overexpressing conditions, as it may also provide insight into the natural mechanism of
shedding of OMVs in WT E. coli cells. However, irrespective of the mechanism, the generation of high
levels of robust omps OMV's that contain densely packed and well-folded recombinant OMPs may prove a
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valuable tool in future structural and functional studies. Given their size and homogeneous composition,
the OMV's appear particularly suited for Cryo-EM and Cryo-ET studies of any overexpressed recombinant
OMPs.

DECLARATIONS

Acknowledgments

The authors thank the lab members for their discussion and critical comments on the manuscript. The
authors appreciate Jeroen Langereis from Radboud University Medical Center for access to the NanoSight
300 and support for NTA measurements of the OMVs. Finally, the authors are grateful to Aniek Schepers
and Fleur Notting for their contributions to this project.

Authors’ contributions

Performed the experiments, acquired and analyzed the data, and contributed to manuscript writing: Sahu S,
Koningstein G

Contributed experimental data: van der Wel N, Bunduc CM

Conceived the project, analyzed the data, and wrote the paper: Luirink J, van Ulsen P

Secured funding: Luirink ]

All authors read and approved the final version of the manuscript.

Availability of data and materials
Data and materials are available from the corresponding author upon reasonable request.

Financial support and sponsorship

This work was supported by the BREAKthrough project granted from the European Union’s Horizon
Europe Research and Innovation Program under the Marie Sklodowska-Curie Actions grant agreement
(#101072632).

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2025.

REFERENCES
1. Guest RL, Silhavy TJ. Cracking outer membrane biogenesis. Biochim Biophys Acta Mol Cell Res. 2023;1870:119405. DOI PubMed
PMC

2. Lundstedt E, Kahne D, Ruiz N. Assembly and maintenance of lipids at the bacterial outer membrane. Chem Rev. 2021;121:5098-123.
DOI PubMed PMC

3. Deghelt M, Cho SH, Govers SK, Janssens A. The outer membrane and peptidoglycan layer form a single mechanical device balancing
turgor. BioRxiv. 2023. DOI

4. Schwechheimer C, Kuehn MJ. Outer-membrane vesicles from Gram-negative bacteria: biogenesis and functions. Nat Rev Microbiol.
2015;13:605-19. DOI PubMed PMC

5. Sartorio MG, Pardue EJ, Feldman MF, Haurat MF. Bacterial outer membrane vesicles: from discovery to applications. Annu Rev

Microbiol. 2021;75:609-30. DOI PubMed PMC


https://dx.doi.org/10.1016/j.bbamcr.2022.119405
http://www.ncbi.nlm.nih.gov/pubmed/36455781
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9878550
https://dx.doi.org/10.1021/acs.chemrev.0c00587
http://www.ncbi.nlm.nih.gov/pubmed/32955879
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7981291
https://dx.doi.org/10.1101/2023.04.29.538579
https://dx.doi.org/10.1038/nrmicro3525
http://www.ncbi.nlm.nih.gov/pubmed/26373371
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5308417
https://dx.doi.org/10.1146/annurev-micro-052821-031444
http://www.ncbi.nlm.nih.gov/pubmed/34351789
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8500939

Page 401 Sahu et al. Extracell Vesicles Circ Nucleic Acids. 2025;6:386-402 | https://dx.doi.org/10.20517/evcna.2025.27

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

Liu H, Li M, Zhang T, et al. Engineered bacterial extracellular vesicles for osteoporosis therapy. Chem Eng J. 2022;450:138309. DOI
Krishnan N, Kubiatowicz LJ, Holay M, Zhou J, Fang RH, Zhang L. Bacterial membrane vesicles for vaccine applications. Adv Drug
Deliv Rev. 2022;185:114294. DOI PubMed

Suri K, D’Souza A, Huang D, Bhavsar A, Amiji M. Bacterial extracellular vesicle applications in cancer immunotherapy. Bioact
Mater. 2023;22:551-66. DOI PubMed PMC

van Ulsen P, Rahman Su, Jong WS, Daleke-Schermerhorn MH, Luirink J. Type V secretion: from biogenesis to biotechnology.
Biochim Biophys Acta. 2014;1843:1592-611. DOI PubMed

Gerritzen MJH, Martens DE, Wijffels RH, van der Pol L, Stork M. Bioengineering bacterial outer membrane vesicles as vaccine
platform. Biotechnol Adv. 2017;35:565-74. DOI PubMed

Daleke-Schermerhorn MH, Felix T, Soprova Z, et al. Decoration of outer membrane vesicles with multiple antigens by using an
autotransporter approach. Appl Environ Microbiol. 2014;80:5854-65. DOI PubMed PMC

van den Berg van Saparoea HB, Houben D, de Jonge MI, Jong WSP, Luirink J. Display of recombinant proteins on bacterial outer
membrane vesicles by using protein ligation. Appl Environ Microbiol. 2018;84:¢02567-17. DOI PubMed PMC

Bernstein HD. Type V secretion: the autotransporter and two-partner secretion pathways. EcoSal Plus. 2010;4:20. DOl PubMed
PMC

Phan TH, Kuijl C, Huynh DT, Jong WSP, Luirink J, van Ulsen P. Overproducing the BAM complex improves secretion of difficult-to-
secrete recombinant autotransporter chimeras. Microb Cell Fact. 2021;20:176. DOI PubMed PMC

Huynh DT, Jong WSP, Koningstein GM, van Ulsen P, Luirink J. Overexpression of the bam complex improves the production of
Chlamydia trachomatis MOMP in the E. coli outer membrane. Int J Mol Sci. 2022:23. DOI PubMed PMC

Prilipov A, Phale PS, Van Gelder P, Rosenbusch JP, Koebnik R. Coupling site-directed mutagenesis with high-level expression: large
scale production of mutant porins from E. coli. FEMS Microbiol Lett. 1998;163:65-72. DOI PubMed

Roman-Hernandez G, Peterson JH, Bernstein HD. Reconstitution of bacterial autotransporter assembly using purified components.
Elife. 2014;3:¢04234. DOI PubMed PMC

Jong WS, ten Hagen-Jongman CM, Ruijter E, Orru RV, Genevaux P, Luirink J. YidC is involved in the biogenesis of the secreted
autotransporter hemoglobin protease. J Biol Chem. 2010;285:39682-90. DOI PubMed PMC

Consoli E, Collet JF, den Blaauwen T. The Escherichia coli outer membrane B-barrel assembly machinery (BAM) anchors the
peptidoglycan layer by spanning it with all subunits. /nt J Mol Sci. 2021;22:1853. DOI PubMed PMC

Steenhuis M, Abdallah AM, de Munnik SM, et al. Inhibition of autotransporter biogenesis by small molecules. Mol Microbiol.
2019;112:81-98. DOI PubMed PMC

Bakelar J, Buchanan SK, Noinaj N. The structure of the B-barrel assembly machinery complex. Science. 2016;351:180-6. DOI
PubMed PMC

Thoma J, Manioglu S, Kalbermatter D, Bosshart PD, Fotiadis D, Miiller DJ. Protein-enriched outer membrane vesicles as a native
platform for outer membrane protein studies. Commun Biol. 2018;1:23. DOI PubMed PMC

Tommassen J, Lugtenberg B. PHO-regulon of Escherichia coli K12: a minireview. Ann Microbiol. 1982;133:243-9. PubMed

Noinaj N, Kuszak AJ, Buchanan SK. Heat modifiability of outer membrane proteins from gram-negative bacteria. Methods Mol Biol.
2015;1329:51-6. DOI PubMed PMC

Burgess NK, Dao TP, Stanley AM, Fleming KG. Beta-barrel proteins that reside in the Escherichia coli outer membrane in vivo
demonstrate varied folding behavior in vitro. J Biol Chem. 2008;283:26748-58. DOI PubMed PMC

Hussain S, Bernstein HD. The Bam complex catalyzes efficient insertion of bacterial outer membrane proteins into membrane vesicles
of variable lipid composition. J Biol Chem. 2018;293:2959-73. DOI PubMed PMC

Cowan SW, Schirmer T, Rummel G, et al. Crystal structures explain functional properties of two E. coli porins. Nature. 1992;358:727-
33. DOI PubMed

MacDonald IA, Kuehn MJ. Offense and defense: microbial membrane vesicles play both ways. Res Microbiol. 2012;163:607-18. DOIL
PubMed PMC

Rigel NW, Schwalm J, Ricci DP, Silhavy TJ. BamE modulates the Escherichia coli beta-barrel assembly machine component BamA. J
Bacteriol. 2012;194:1002-8. DOI PubMed PMC

Hall SCL, Clifton LA, Sridhar P, et al. Surface-tethered planar membranes containing the B-barrel assembly machinery: a platform for
investigating bacterial outer membrane protein folding. Biophys J. 2021;120:5295-308. DOl PubMed PMC

Rigel NW, Ricci DP, Silhavy TJ. Conformation-specific labeling of BamA and suppressor analysis suggest a cyclic mechanism for -
barrel assembly in Escherichia coli. Proc Natl Acad Sci U S A. 2013;110:5151-6. DOI PubMed PMC

Noinaj N, Kuszak AJ, Gumbart JC, et al. Structural insight into the biogenesis of B-barrel membrane proteins. Nature. 2013;501:385-
90. DOI PubMed PMC

Wu T, Malinverni J, Ruiz N, Kim S, Silhavy TJ, Kahne D. Identification of a multicomponent complex required for outer membrane
biogenesis in Escherichia coli. Cell. 2005;121:235-45. DOI PubMed

Balhuizen MD, Veldhuizen EJA, Haagsman HP. Outer membrane vesicle induction and isolation for vaccine development. Front
Microbiol. 2021;12:629090. DOI PubMed PMC

Zhao X, Wei Y, Bu Y, Ren X, Dong Z. Review on bacterial outer membrane vesicles: structure, vesicle formation, separation and
biotechnological applications. Microb Cell Fact. 2025;24:27. DOI PubMed PMC

Mertes V, Saragliadis A, Mascherin E, et al. Recombinant expression of Yersinia ruckeri outer membrane proteins in Escherichia coli


https://dx.doi.org/10.1016/j.cej.2022.138309
https://dx.doi.org/10.1016/j.addr.2022.114294
http://www.ncbi.nlm.nih.gov/pubmed/35436569
https://dx.doi.org/10.1016/j.bioactmat.2022.10.024
http://www.ncbi.nlm.nih.gov/pubmed/36382022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9637733
https://dx.doi.org/10.1016/j.bbamcr.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24269841
https://dx.doi.org/10.1016/j.biotechadv.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28522212
https://dx.doi.org/10.1128/aem.01941-14
http://www.ncbi.nlm.nih.gov/pubmed/25038093
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4178611
https://dx.doi.org/10.1128/aem.02567-17
http://www.ncbi.nlm.nih.gov/pubmed/29439988
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5881043
https://dx.doi.org/10.1128/ecosalplus.4.3.6
http://www.ncbi.nlm.nih.gov/pubmed/26443787
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4229083
https://dx.doi.org/10.1186/s12934-021-01668-2
http://www.ncbi.nlm.nih.gov/pubmed/34488755
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8419823
https://dx.doi.org/10.3390/ijms23137393
http://www.ncbi.nlm.nih.gov/pubmed/35806397
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9266984
https://dx.doi.org/10.1111/j.1574-6968.1998.tb13027.x
http://www.ncbi.nlm.nih.gov/pubmed/9631547
https://dx.doi.org/10.7554/elife.04234
http://www.ncbi.nlm.nih.gov/pubmed/25182416
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4174580
https://dx.doi.org/10.1074/jbc.m110.167650
http://www.ncbi.nlm.nih.gov/pubmed/20959450
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3000949
https://dx.doi.org/10.3390/ijms22041853
http://www.ncbi.nlm.nih.gov/pubmed/33673366
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7918090
https://dx.doi.org/10.1111/mmi.14255
http://www.ncbi.nlm.nih.gov/pubmed/30983025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6850105
https://dx.doi.org/10.1126/science.aad3460
http://www.ncbi.nlm.nih.gov/pubmed/26744406
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4883095
https://dx.doi.org/10.1038/s42003-018-0027-5
http://www.ncbi.nlm.nih.gov/pubmed/30271910
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6123736
http://www.ncbi.nlm.nih.gov/pubmed/7044214
https://dx.doi.org/10.1007/978-1-4939-2871-2_4
http://www.ncbi.nlm.nih.gov/pubmed/26427675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880013
https://dx.doi.org/10.1074/jbc.m802754200
http://www.ncbi.nlm.nih.gov/pubmed/18641391
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3258919
https://dx.doi.org/10.1074/jbc.ra117.000349
http://www.ncbi.nlm.nih.gov/pubmed/29311257
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5827433
https://dx.doi.org/10.1038/358727a0
http://www.ncbi.nlm.nih.gov/pubmed/1380671
https://dx.doi.org/10.1016/j.resmic.2012.10.020
http://www.ncbi.nlm.nih.gov/pubmed/23123555
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3518640
https://dx.doi.org/10.1128/jb.06426-11
http://www.ncbi.nlm.nih.gov/pubmed/22178970
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3294770
https://dx.doi.org/10.1016/j.bpj.2021.10.033
http://www.ncbi.nlm.nih.gov/pubmed/34757080
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8715194
https://dx.doi.org/10.1073/pnas.1302662110
http://www.ncbi.nlm.nih.gov/pubmed/23479609
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3612609
https://dx.doi.org/10.1038/nature12521
http://www.ncbi.nlm.nih.gov/pubmed/23995689
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3779476
https://dx.doi.org/10.1016/j.cell.2005.02.015
http://www.ncbi.nlm.nih.gov/pubmed/15851030
https://dx.doi.org/10.3389/fmicb.2021.629090
http://www.ncbi.nlm.nih.gov/pubmed/33613498
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7889600
https://dx.doi.org/10.1186/s12934-025-02653-9
http://www.ncbi.nlm.nih.gov/pubmed/39833809
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11749425

Sahu et al. Extracell Vesicles Circ Nucleic Acids. 2025;6:386-402 | https://dx.doi.org/10.20517/evcna.2025.27 Page 402

37.

38.

39.

40.

41.

42.

43.

44,

extracellular vesicles. Protein Expr Purif. 2024;215:106409. DOI PubMed

Rath P, Hermann A, Schaefer R, et al. High-throughput screening of BAM inhibitors in native membrane environment. Nat Commun.
2023;14:5648. DOI PubMed PMC

Meuskens I, Michalik M, Chauhan N, Linke D, Leo JC. A new strain collection for improved expression of outer membrane proteins.
Front Cell Infect Microbiol. 2017;7:464. DOI PubMed PMC

Benn G, Borrelli C, Prakaash D, et al. OmpA controls order in the outer membrane and shares the mechanical load. Proc Natl Acad Sci
US A.2024;121:¢2416426121. DOI PubMed PMC

Tan WB, Chng SS. How bacteria establish and maintain outer membrane lipid asymmetry. Annu Rev Microbiol. 2024;78:553-73. DOI
PubMed

Roier S, Zingl FG, Cakar F, et al. A novel mechanism for the biogenesis of outer membrane vesicles in Gram-negative bacteria. Nat
Commun. 2016;7:10515. DOI PubMed PMC

Benn G, Mikheyeva IV, Inns PG, et al. Phase separation in the outer membrane of Escherichia coli. Proc Natl Acad Sci U S A.
2021;118:¢2112237118. DOI PubMed PMC

Rassam P, Copeland NA, Birkholz O, et al. Supramolecular assemblies underpin turnover of outer membrane proteins in bacteria.
Nature. 2015;523:333-6. DOI PubMed PMC

Gunasinghe SD, Shiota T, Stubenrauch CJ, et al. The WD40 protein BamB mediates coupling of BAM complexes into assembly
precincts in the bacterial outer membrane. Cell Rep. 2018;23:2782-94. DOI PubMed


https://dx.doi.org/10.1016/j.pep.2023.106409
http://www.ncbi.nlm.nih.gov/pubmed/38040272
https://dx.doi.org/10.1038/s41467-023-41445-w
http://www.ncbi.nlm.nih.gov/pubmed/37704632
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10499997
https://dx.doi.org/10.3389/fcimb.2017.00464
http://www.ncbi.nlm.nih.gov/pubmed/29164072
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5681912
https://dx.doi.org/10.1073/pnas.2416426121
http://www.ncbi.nlm.nih.gov/pubmed/39630873
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11648852
https://dx.doi.org/10.1146/annurev-micro-032521-014507
http://www.ncbi.nlm.nih.gov/pubmed/39270665
https://dx.doi.org/10.1038/ncomms10515
http://www.ncbi.nlm.nih.gov/pubmed/26806181
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4737802
https://dx.doi.org/10.1073/pnas.2112237118
http://www.ncbi.nlm.nih.gov/pubmed/34716276
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8612244
https://dx.doi.org/10.1038/nature14461
http://www.ncbi.nlm.nih.gov/pubmed/26061769
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4905513
https://dx.doi.org/10.1016/j.celrep.2018.04.093
http://www.ncbi.nlm.nih.gov/pubmed/29847806

