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Bacteroidota are abundant members of the human gut microbiota that shape the enteric
landscape by modulating host immunity and degrading dietary- and host-derived
glycans. These processes are mediated in part by Outer Membrane Vesicles (OMVs).
Here, we developed a high-throughput screen to identify genes required for OMV
biogenesis and its regulation in Bacteroides thetaiotaomicron (Bt). We identified a
family of Dual membrane-spanning anti-sigma factors (Dma) that control OMV
biogenesis. We conducted molecular and multiomic analyses to demonstrate that
deletion of Dmal, the founding member of the Dma family, modulates OMV pro-
duction by controlling the activity of the ECF21 family sigma factor, Dasl, and its
downstream regulon. Dmal has a previously uncharacterized domain organization
that enables Dmal to span both the inner and outer membrane of Bz. Phylogenetic
analyses reveal that this common feature of the Dma family is restricted to the phylum
Bacteroidota. This study provides mechanistic insights into the regulation of OMV
biogenesis in human gut bacteria.

Bacteroides | microbiota | regulation | signaling | vesicles

Vesiculation is a process by which cells utilize membranous compartments to traffic cellular
contents (1, 2). In eukaryotes, vesiculation, in the form of the trans-Golgi network, exosomes,
and other extracellular vesicles, has been extensively studied (2-5). However, much less is
known about vesiculation in bacteria (6-8). Outer Membrane Vesicles (OMVs) are small,
spherical structures generated by the active blebbing of the outer membrane (OM) in
gram-negative bacteria. Due to their OM origin, OMVs are composed of lipopolysaccharides
(LPS), phospholipids, OM proteins, and periplasmic contents (6-8). OMVs have been
studied in many gram-negative bacteria and are reported to mediate key bacterial processes,
including pathogenesis, quorum sensing, immunomodulation, nutrient uptake, and envelope
stress response (9—15). In spite of this, no general mechanisms for OMV biogenesis in
gram-negative bacteria have been established (1, 6-8). The current consensus is that vesicles
can be derived from active processes or passive phenomena involving membrane destabili-
zation. Recent reports have shown that explosive cell lysis is the primary source of vesicles
in Pseudomonas aeruginosa (16). It is hinted that this process occurs in other closely related
species (17), which suggests that OMVs may not be actively produced in these organisms.
In contrast, a growing body of literature has demonstrated that OMV biogenesis in Bacteroides
spp. is a highly regulated process (18-20). Nonetheless, the mechanism of OMYV biogenesis
in Bacteroidota remains poorly understood.

Bacteroides spp. are gut commensals that comprise ~40% of the bacterial species in the
human gastrointestinal tract (21-23). Bacteroides shape the intestinal environment by
producing immunogenic compounds and degrading dietary- and host-derived glycans
(24, 25). Studies have shown that OMVs produced by Bacteroides spp. help facilitate
many of their functions in the gut (11, 12, 14, 15, 18, 26). Transmission electron micros-
copy (TEM) revealed that Bacteroides thetaiotaomicron (Bt) and Bacteroides fragilis (Bf)
produce large quantities of OMVs of uniform size (19, 20). Mass spectrometry (MS)
analyses revealed that OMV protein cargo is primarily composed of lipoproteins that
function as glycosidases or proteases, and this cargo is tailored according to the available
glycan landscape (18, 20). In addition, OMV-enriched lipoproteins contain a negatively
charged motif (S-D/E;), called the Lipoprotein Export Sequence (LES), that is absent
from OM-retained lipoproteins (18, 20, 27). These features are unprecedented and dis-
tinguish Bacteroides OMVs from the vesicles isolated by other gram-negative bacteria.
By exploiting these characteristics, we previously labeled OM- and OMV-specific proteins
with fluorescent markers to visualize OMV biogenesis in Bz. Fluorescence microscopy
was employed to observe OMVs actively blebbing from the OM of Br in the absence of
cell lysis (18). Altogether, these findings demonstrate that OMV biogenesis in Bacteroides
spp. is the result of an active, regulated process and not the result of cell lysis, as has been
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suggested for other bacteria. In this work, we developed a
high-throughput screen to identify components of the machinery
involved in OMYV biogenesis and its regulation in Bz. We identi-
fied and characterized a family of structurally unique Dual
membrane-spanning anti-sigma factors (Dma) and 1nvest1gated
their role in modulanng OMYV biogenesis in Br.

Results

Screening for Genes Involved in OMV Biogenesis. Vesiculation
has been studied in gram-negative bacteria for ~60 y; however,
our understanding of OMV biogenesis is still in its infancy.
To identify bacterial proteins involved in OMV biogenesis in
Bt, we developed a high-throughput assay to quantify OMV
production in vitro. We constructed an OMYV reporter consisting
of Bacteroides ovatus inulinase (BACOVA_04502; INL), a protein
previously shown to be enriched in OMVs (18, 19), fused to
Nanoluciferase (NLuc) (28). Western blotting confirmed that
the fusion protein was stable and almost exclusively present in
OMVs (Fig. 1A4). Filtered supernatants from cells constitutively
expressing INL-NLuc exhibited significantly higher luminescent
output than a lysis control strain expressing cytoplasmic NLuc
(cNLuc) (Fig. 1B). This demonstrates that luminescence in
culture supernatants can be used as an easily quantifiable proxy
for OMYV production. Next, we created a transposon library in

the strain constitutively expressing the OMV reporter, INL-NLuc.
Since the reporter is almost exclusively trafficked to OMVs, we
anticipated that mutants displaying abnormal levels of NLuc
activity in their supernatants corresponded to abnormal levels
of OMYV production. The strategy employed for the screening is
described in Fig. 1C. We screened ~5,300 colonies and detected
several mutants displaying abnormally high or low levels of
NLuc activity (8] Appendix, Fig. S1). Secondary screening, which
consisted of TEM, western blotting, and LPS and protein analysis,
was performed to validate potential candidates (SI Appendix,
Fig. S2). The genomes of mutants displaying atypical levels of
vesiculation were sequenced to identify the transposon insertion
sites. Altogether, these analyses identified several hyper- and
hypovesiculating strains, summarized in S/ Appendix, Table S2.

Mutation of Dma1l (BT _4721) Leads to Hypervesiculation.
Genomic sequencing of potential candidates revealed four
independent mutants containing transposon insertions in the
gene BT_4721, which we renamed Dmal (Fig. 2A). In the initial
screening, these four strains appeared to display a hypovesiculating
phenotype (SI Appendix, Fig. S1 and Table S2). However, western
blots showed that these mutants had increased abundance of INL-
NLuc in the OMYV fraction (Fig. 2B). To further analyze the role
of Dmal, we generated a Dmal deletion mutant (Admal) and its
corresponding complemented strain (Admal ). Growth curves
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Identification of genes involved in OMV biogenesis. (A) Western blot against anti-polyHis showing total membrane (TM) and OMV fractions from BT WT

constitutively expressing Inulinase fused to Nluc with a C-terminal 6xHis tag (INL-Nluc). This blot demonstrates that INL-Nluc is stably expressed and properly
localizes to the OMV fraction. Samples were normalized by OD600 and ran on 10% SDS-PAGE. (B) Filtered supernatants from cells expressing INL-Nluc display
higher luminescent output than those expressing Nluc in the cytoplasm. Filtered supernatants from overnight cultures (~20 h) were used for NanoGlow assays
to quantify OMV production in vitro. Total luminescent output was normalized by OD600. (C) Schematic of OMV screening methodology (Created with https://

BioRender.com).
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Fig. 2. Deletion of Dma1 leads to hypervesiculation. (A) Genomic sequencing of screening candidates revealed four independent transposon mutants in Dma1.
Red dashes denote transposon insertions (1: 674nt, 2: 677nt, 3: 1,139nt, 4: 1,143nt) (Created with https://BioRender.com). (B) Western blot using anti-polyHis
shows that Dma‘ transposon mutants contain more INL-Nluc in the OMV fraction than the wild type. Samples were normalized by OD600 and run on 10% SDS-
PAGE. (C) Transmission electron microscopy (TEM) reveals that Adma7 produces significantly more OMVs than the wild type. Left: Representative TEM images
of OMVs from each strain. Right: Quantification of TEM images from each strain (FoV: field of view). Three biological replicates of samples from each strain were
fixed onto grids in triplicate (in Materials and Methods). Ten random images were taken from each grid (n = 90 per strain), and OMVs were counted manually.
(D) SDS-PAGE followed by staining with Coomassie Blue suggests that Adma7 produces more OMVs than the WT (E) SDS-PAGE followed by LPS Silver Staining
demonstrates that Adma1 secretes more LPS into the OMV fraction. (F) Lowry Protein Assay shows that Adma71 secretes significantly more protein into the OMV
fraction than the WT. (G) Total lipids were extracted from TMs and OMVs from WT, Adma1, and AdmaT,,, demonstrating that AdmaT secretes significantly
more membrane lipids as a result of hypervesiculation. Samples were relativized to an internal standard (IS). In all cases, samples were normalized to OD600.

confirmed that the fitness of Adimal is not attenuated in this context
(81 Appendix, Fig. S3). Next, we isolated and quantified OMVs by
TEM. This analysis confirmed the western blot data showing that
Admal produces significantly more OMVs than the WT (Fig. 2C).
Admittedly, our ability to accurately quantify OMVs using TEM
and manual counting is limited. However, since Bacteroides OMVs

contain lipopolysaccharide (LPS), membrane lipids (phospholipids,
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sphingolipids, and amino lipids), and protein cargo (29), we aimed
to confirm the phenotype of Admal biochemically by quantifying
the relative amount of these components in total membrane (inner
and outer; TM) and OMV preparations from WT, Admal, and
Admal,,,. We began by analyzing their respective protein content
by SDS-PAGE. Surprisingly, the electrophoretic profile of the
OMYV fraction from Admal exhibited a significant distortion in
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the low molecular weight region of the gel, which was reverted by
complementation (Fig. 2D). We hypothesized that the distortion
was due to the presence of high amounts of LPS in the samples
due to Admal hypervesiculation. Analysis of LPS from TM and
OMYV fractions via SDS-PAGE followed by silver stain confirmed
that Admal secretes significantly more LPS than the wild-type and
complemented strains (Fig. 2E). The OMYV fraction of Admal also
contained more proteins than the WT and complemented strains
(Fig. 2F). Finally, we performed comparative lipidomics on TM and
OMYV fractions from W'T, Admal, and Admalc,,,. While the lipid
composition for both fractions remained relatively unperturbed,
we detected a general increase in secreted phospho, sphingo-, and
amino lipid content in the Admal OMVs (Fig. 2G and SI Appendix,
Fig. §4). Altogether, our findings demonstrate that Admal produces
significantly more OMVs than its parental strain.

Deletion of Dma1 Modulates OMV Production but Not Composition.
To demonstrate that the hypervesiculation phenotype of Admal is
due to an increase in the production of bona fide OMVs and not
the result of a generalized destabilization of the outer membrane
(OM), we performed comparative proteomic analyses of TM and
OMV fractions from the WT and Admal strains. A principal
component analysis shows that the TM and OMV fractions of
the WT and mutant contain similar protein content (S Appendix,
Fig. S5). Bacteroides OMV:s are enriched with LES motif containing
lipoproteins, while other OM proteins are typically excluded (18, 20).
Volcano plots show that similar to the WT, the OMVs of Admal are
primarily enriched with lipoproteins containing the LES motif (18,
20), while porins and other proteins were retained predominantly
in the bacterial membranes (S/ Appendix, Fig. S6). Thus, OMV
cargo selection is maintained in the Admal, which rules out that
the increased amount of OMVs is the result of increased cell lysis or
membrane instability, which would result in the presence of cytosolic
and inner membrane (IM) proteins in the OMV proteome. Further
supporting this conclusion, western blots show that the partitioning
of the OMV protein SusG and the OM protein BT_0587 (19, 20)
is not affected in Admal (SI Appendix, Fig. S7).

Extracytoplasmic Function (ECF) Sigma Factor, Das1 (BT_4720),

Is Required for Dma1-Mediated Hypervesiculation. Dmal
is encoded in an operon with the ECF21 family sigma factor,

https://doi.org/10.1073/pnas.2321910121
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pervesiculation. (A) Coomassie blue stain comparing protein
profiles between WT, Adas1, Adma7, and Adas7-dmaT. This
shows that deletion of Das1 in the Adma1 background re-
stores WT levels of vesiculation. Samples were normalized by
0OD600 values and run on 10% SDS-PAGE gel. (B) Schematic
of constructs used for targeted pulldown assay (created with
https://BioRender.com). (C) Western blots using anti-polyHis
(Green) and anti-GST (Red). Top: Gel shows that equivalent
amounts of bait and prey proteins were mixed prior to pas-
sage through a column containing anti-GST resin. Bottom: Gel
showing the proteins present after the elution step, which
demonstrates that the N terminus of Dmaf1 is sufficient to
sequester Das1.
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BT_4720 (Dasl, for Dma-associated sigma factor 1. ECEF-
type sigma factors are a family of transcriptional regulators that
modulate gene expression in response to extracytoplasmic signals.
These are typically encoded adjacent to their cognate anti-sigma
factor, which negatively regulates the activity of the sigma factor
(30, 31). ECF21 family sigma factors are found solely among
Bacteroidota, but very little is known regarding their function
(31). An ortholog of Dmal in Bf; Reo, was shown to control
the activity of its cognate sigma factor, ecfO, by sequestering it
at the IM via its N-terminal region in the cytoplasm (32). There
is strong consensus between the amino acid sequences from Reo
and Dmal (87 Appendix, Fig. S8), which suggests that Dmal
possesses a cytoplasmic domain capable of directly regulating the
activity of Dasl. To provide support for the interaction between
Dmal and Dasl, we mutated Dasl in the Admal background
(Adasi-dmal). A single deletion mutant lacking Das1 (Adasi)
was included as control. Growth curves show that the fitness of
these mutants is not impacted in vitro (S Appendix, Fig. S9).
By employing SDS-PAGE, we determined that removal of Dasl
reverts the distortion in the electrophoretic pattern seen for
Admal OMVs (Fig. 3A), indicating that the hypervesiculation
observed in Admal requires Dasl. Next, we performed targeted
pulldowns to determine whether Dmal and Dasl physically
interact. For this, we engineered a chimeric protein containing
the N-terminal 40 amino acids of Dmal fused to Glutathione-S
transferase (GST), Dmal(1:40)-GST, as the bait protein. The
prey protein consisted of Das1 fused to thioredoxin (TRX), Dasl -
TRX. Controls expressing GST and TRX alone were included
(Fig. 3B). Each protein was individually expressed in Escherichia
coli BL21. Lysates from strains expressing each bait protein were
mixed with lysates containing the prey proteins and subjected
to affinity chromatography by employing a column containing
anti-GST resin. Our results demonstrate that Dmal(1:40)-
GST specifically interacts with Das1-TRX, indicating that the
N-terminal region of Dmal is sufficient to sequester Dasl
(Fig. 3C). Together, these findings demonstrate that Dasl and
Dmal form a sigma/anti-sigma pair and that the unregulated
activity of Dasl is responsible for hypervesiculation observed in
Admal. A previous study has shown that deletion of Reo, in Bf,
increases fitness in response to oxidative stressors, while deletion
of ecfO renders them more susceptible (32). We assessed the fitness
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Fig. 4. Member of the Dma1 regulon, NigD1 (BT_4005), is necessary to induce vesiculation. Volcano plot representations of (A) transcriptome and (B) proteome
data comparing WT and Adma7. (C) Coomassie blue stain of TM and OMV fractions isolated from 1. WT, 2. AdmaT, 3. A1287/dma1, 4. AnigD1/dmat, and 5.
AnigD2/dmaf. Left: The protein profile of mutant TMs is the same as WT, indicating that all changes are specific to the OMV fraction. Right: Deletion of NigD1 in
the AdmaT background restores the protein profile to WT. Samples were normalized by OD600 and run on 10% SDS-PAGE.

of WT, Adasl, Admal, and their corresponding complemented
strains in response to prolonged aerobic stress but observed no
changes between the mutants and the wild type (87 Appendix,
Fig. S§10). This suggests that Dmal and Reo control different
responses in Br and Bf, respectively.

NigD1, Part of the Dma1-Das1 Regulon, Is Necessary for
Hypervesiculation. To understand how Dmal controls vesiculation,
we performed RNA sequencing to compare transcriptomes of
the wild-type and Admal strains. We found that three genes,
BT_1287, NigD1 (BT_4005), and NigD2 (BT_4719), were
dramatically up-regulated in the Admal mutant (Fig. 44 and
SI Appendix, Table S3). There were other genes differentially
expressed (SI Appendix, Table S3), but their changes were much
less pronounced. Comparative proteomic analyses of WT and
Admal identified the same three proteins as the most differentially
expressed proteins between these strains (Fig. 4B and SI Appendix,
Table S4). No function has been assigned to any of these three
proteins; however, both NigD1 and NigD2 are annotated as NigD-
like proteins. NigD-like proteins are a family of uncharacterized
lipoproteins proteins found solely in Bacteroidota. We determined

PNAS 2024 Vol.121 No.10 2321910121

that deletion of NigD1 (but not BT_1287 or NigD2) in the Admal
background restores wild-type levels of vesiculation, indicating that
NigD1 is involved in controlling OMV production in Admal
(Fig. 4C). NigD1 is not predicted to be encoded within an operon;
however, it is encoded nearby genes required for LPS biosynthesis
and regulation (LpxB and FtsH) and phospholipid synthesis (CdsA).
Our transcriptomic and proteomic analyses failed to identify these,
or any other known genes involved in the biosynthesis of LPS or
phospholipids, as differentially regulated between WT and Admal.
However, our results suggest that NigD1 acts as a molecular switch
for OMYV biogenesis.

Dma1 Represents an Unprecedented Class of Anti-Sigma Factor
That Spans Both the IM and OM. Canonical anti-sigma factors
contain a cytoplasmic domain, responsible for the sequestration of
their cognate sigma-factors at the IM, connected via a transmembrane
region to a periplasmic sensor domain (30). Dmal is annotated as
an OMP_b-brl_2 domain-containing protein. Structural modeling
with AlphaFold (33) predicts that Dmal contains an N-terminal
alpha-helical transmembrane region and a C-terminal eight stranded
f-barrel domain connected via a long intrinsically disordered region

https://doi.org/10.1073/pnas.2321910121
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(Fig. 5A). Eight stranded p-barrel domain proteins are found in the
OM of gram-negative bacteria. In Bf; Reo, was shown to directly
sequester its cognate sigma factor via its N-terminal region in the
cytoplasm (32), and we show that this is also the case for Dmal.
Based on these observations, we propose an unprecedented domain
architecture for Dmal, in which the C-terminal p-barrel is embedded
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in the OM; the N-terminal domain that interacts with the cognate
sigma factor is in the cytoplasm anchored to the IM via an alpha-
helical transmembrane helix; and both domains are tethered via the
intrinsically disordered region that traverses the periplasm (Fig. 55).
Proteins with similar domain organizations have been suggested for

Reo in B. fragilis, and MON98_03760 in 2 vulgatus; however, the
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orientation of these proteins has not been experimentally addressed
(32, 34). To provide support for this model, we performed western
blots of Bt cells coexpressing C-terminally His-tagged Dmal and
Dasl. Cells were harvested during the exponential and late stationary
phase. Expression of Dmal was enhanced when expressed alongside
Dasl. Wild-type Br and cells expressing only Dasl were employed
as controls. During exponential phase growth, a band corresponding
to full-length (~55 kDa) and a C-terminal-containing fragment
(~20 kDa) of Dmal were detected (Fig. 5C). At stationary phase,
full-length Dmal was no longer detected, with the concomitant
appearance of an additional smaller fragment (~17 kDa). These
results suggest that Dmal is temporally regulated (Fig. 5C). Next,
we generated cells expressing Dmal tagged with both a C-terminal
10xHis tag and an N-terminal 3xFLAG tag. Whole cells (WCs),
TMs, and OMVs were analyzed by western blot. Full-length Dmal
(~55 kDa) was detected in the WC and TM fractions with both
antibodies, confirming that Dmal is translated and translocated
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as a complete and single polypeptide (Fig. 5D). Only C-terminal
fragments were detected in the OMVs using the anti-His antibodies,
indicating that, as predicted, the p-barrel domain is localized in the
OM (Fig. 5D). In addition, our conclusion is supported by the MS
analysis of wild-type OMVs, which only detected peptides containing
the predicted C-terminal p-barrel of Dmal (87 Appendix, Table S5).
Taken together, our results provide strong evidence that Dmal is an
anti-sigma factor that spans both membranes, directly connecting
the exterior of the cell with its cytoplasm. Based on this, we propose
that Dmal is the founding member of the Dual Membrane-spanning
Anti-sigma factor (Dma) family.

Dual Membrane-Spanning Anti-Sigma Factors Are Present
throughout Bacteroidota. To determine whether proteins with
similar domain architecture exist in Bf, we searched for sigma/anti-
sigma pairs containing anti-sigma factors encoding a predicted
f-barrel domain. We identified two additional proteins in Bz,
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Dma2

Dma1 Dma2 Dma3

Coprobacter fastidiosus NSB1
Parabacteroides distasonis FDAARGOS_615
Parabacteroides johnsonii FDAARGOS_1580
Parabacteroides gordonii JAIWZF01

Alistipes finegoldii TM12-21A

100

Tannerella forsythia 92A2
Porphyromonas gingivalis ATCC 33277

100

100

100

Phocaeicola vulgatus MG01-10
Phocaeicola dorei MGYG-HGUT-02478
Bacteroides uniformis CLO3T12C37
Bacteroides fragilis 638R

Bacteroides thetaiotaomicron VP|-5482
Bacteroides ovatus ATCC 8483
Bacteroides caccae CL03T12C61

Porphyromonas macacae DSM 20710
Prevotella saccharolytica FO055

Prevotella maculosa OT 289

Prevotella copri DSM 18205

Prevotella intermedia ATCC 25611
Prevotella nigrescens F0109

ENEEEEEEEEEEE EEEEEEEN EEEEEN

N | | EER

Fig.6. Members of the Dma family are present throughout Bacteroidota. (A) Genome analysis identified two additional proteins, Dma2 and Dma3, with structural
similarity to Dma1. The AlphaFold predicted structure of each Dma, along with their respective operons, are presented (Created with https://BioRender.com).
(B) Amaximum likelihood phylogenetic tree was constructed from 29 core genomes of various Bacteroidota. Amino acid sequences of Dma1 (WP_008766767.1),
Dma2 (WP_008762208.1), and Dma3 (WP_011108473.1) from Bt served as references for identification in the other genomes.
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Dma2 (BT_1558) and Dma3 (BT_2778), that are structurally
similar to Dmal (Fig. 64). Dma2 is encoded adjacent to an
ECF21 family sigma factor, BT_1559 (Das2), while Dma3 is
more complex, as it is predicted to contain the sigma factor fused
to the rest of the polypeptide at the N terminus (Fig. 64). A
bioinformatic analyses showed that Dmal is present in almost all
Bacteroidota, while Dma2 and Dma3 are less prevalent. Fig. 68
shows a phylogenetic analysis containing select members of the
Bacteroidota representing various classes ranging from mammalian
gut commensals to soil-dwelling microbes. Dmal is present in
almost all Bacteroidota chosen (27/29), while Dma2 (5/29) and
Dma3 (10/29) were less prevalent (Fig. 6B). Interestingly, Dma2
is only present in members of the genus Bacteroides, suggesting
that this protein was recently acquired in the genus. Dma3 on the
other hand is predominantly found in Bacteroides and Prevotella
(Fig. 6B and SI Appendix, Fig. S11). We were unable to identify
any structurally similar proteins in gram-negative bacteria outside
of Bacteroidota. To determine whether Dma2 and Dma3 may
also modulate OMYV biogenesis in Bz, we generated clean deletion
mutants in each gene and analyzed their protein profiles by SDS-
PAGE. Mutation of dma2 produced a phenotype similar to that
of Admal, which suggests that Dma2 also potentially modulates
OMYV biogenesis. Deletion of its cognate sigma factor das2 also
restores the WT electrophoretic profile (S7 Appendix, Fig. $12).
Mutation of dma3 revealed no detectable phenotype by SDS-
PAGE (8! Appendix, Fig. S12). Additional studies are needed
to validate the potential impacts of Dma2 and Dma3 on OMV
biogenesis; however, these are outside the scope of this manuscript.

Discussion

Since their discovery in the 1960s, many important roles have
been proposed for OMVs (35). However, to date, very little is
known about the mechanism(s) of bacterial vesiculation and its
regulation. In this study, we aimed to advance our understanding
of the mechanism of OMV biogenesis in Bacteroidota. To this
aim, we developed a screening methodology to identify genes
involved in OMV biogenesis. We identified the Dma family,
which we show to be a class of anti-sigma factors with an unprec-
edented domain organization. These proteins span both mem-
branes, possessing an extracellular and a cytoplasmic domain
connected via a large, intrinsically disordered region that crosses
the periplasm. We show that inactivation of Dmal (BT_4721) or
Dma2 (BT_1558) results in hypervesiculation in Bz.

We previously showed that labeling OM and OMV-specific
proteins with distinct fluorescent markers is an effective way to
visualize OMVs and distinguish them from by-products of cell
lysis (18). In this work, we labeled an OMV marker with NLuc
instead of fluorescent proteins, which allowed us to quantify
OMYV production invitro in a high throughput format
(Fig. 1C). Screens attempting to identify genes involved in
OMYV biogenesis have been performed (36) however, these were
unable to establish causal associations between specific genes
and OMYV formation. We speculate that this is due to their use
of nonspecific markers, like LPS, OmpA, or phospholipids, as
a readout for OMV production. Many of the genes identified
in these studies led to membrane destabilization, which con-
founded the interpretation of the results, due to their inability
to differentiate genuine OMVs from cell lysis. Although OMV
cargo selection is not common in all bacteria, the methods
developed here can be adapted to conduct OMV screens in
other bacterial species.

Our model for regulation of OMV biogenesis in Bt is summa-
rized in Fig. 7. We propose that members of the Dma family sense
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Fig.7. Schematic of Dma1-and Dma2-mediated induction of OMV biogenesis.
In our model, Dma1 and Dma2 sense extracellular stimuli and/or perturbations
in the OM. This leads to the proteolytic degradation of the proteins to release
their cognate sigma factors and subsequently modulate gene expression to
induce OMV biogenesis. Dma1/Das1-mediated hypervesiculation is dependent
upon NigD1, while the regulon of Dma2 is unclear (created with https://
BioRender.com).

extracellular stimuli or perturbations in the OM via their
C-terminal p-barrel domain, which triggers a series of proteolytic
events that liberates their cognate sigma factors to modulate gene
expression and induce OMV production (Fig. 7). By employing
transcriptomic and proteomic analyses, we demonstrated that
NigD1 (BT_4005) is required for the induction of vesiculation in
the absence of Dmal NigD-like proteins are ubiquitous among
Bacteroidota, but their functions have not been defined. NigD1 is
encoded adjacent to genes required for biosynthesis and regulation
of LPS and phospholipids. Our transcriptomic and proteomic
analyses indicate that these genes/proteins are not differentially
regulated between the wild type and Admal. This suggests the
presence of currently unknown mechanisms where NigD1 controls
the amount of LPS, proteins, and lipids allocated to OMVs.
However, Bacteroidota membranes are rich in sphingolipids and
other lipids not commonly found in bacteria. More knowledge
about the regulation of LPS and lipid biosynthesis will be required
to fully understand how Dmal, Dma2 and NigD1 control OMV
biogenesis in Bacteroides. NigD2 (BT_4719) and BT_1287 are
part of the Dmal regulon, but they are dispensable for the hyper-
vesiculation phenotype. This strongly suggests that Dmal regulates
other processes in Bz.

Previous studies have investigated orthologs of Dmal. In B. fagilis,
deletion of Reo, Dmal ortholog, was shown to increase fitness in
response to oxidative stressors (32). However, we found that Dmal
does not seem to play the same role in Bt (S Appendix, Fig. S10). In
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Phocacicola vulgatus, mutation of the Dmal ortholog, M098_03760,
conferred increased protection against the antimicrobial toxin BepT.
Authors hypothesize that this occurs by increasing LPS O-antigen
length and preventing BepT from binding lipid A core and destabi-
lizing the OM (34). We did not analyze the structure of LPS in this
work, but reports suggest that Bt lacks LPS, and instead makes lipoo-
ligosaccharide (LOS) (37, 38). Therefore, Dmal is not likely to
induce a similar change. In B, the Dma family impacts OMV bio-
genesis; however, members of the Dma family likely play diverse roles
in different species within Bacteroidota. Since OMVs have been
implicated in stress response, it would be interesting to determine
whether the fitness advantages observed in other studies are somehow
related to increased vesiculation.

Dmal is the first protein shown to span both membranes of a
gram-negative bacteria (Fig. 5). As anti-sigma factors, the Dma family
represents a unique class of regulatory protein. The canonical cell
surface signaling (CSS) system, like the Fec system in E. coli, consists
of a TonB-dependent OM receptor (FecA), which senses external
stimuli, an anti-sigma factor (FecR), to relay the signal, and a sigma
factor (Fecl), to modulate gene expression (30, 39). Members of the
Dma family are distinct from this model because they encode the
OM receptor and anti-sigma factor in a single polypeptide (Fig. 5).
To date, such structures have yet to be reported. Bacteroides spp. dis-
tinctively encode an expanded repertoire of transcriptional regulators,
specifically hybrid two-component systems and ECF-type sigma
factors, many of which are uncharacterized (40). The identification
of the Dma family in Bacteroidota suggests that these organisms have
evolved additional modes of transcriptional regulation, many of which
are yet to be described.

The unprecedented domain organization of the Dma family
raises fundamental questions regarding their translocation and
assembly. In gram-negative bacteria, B-barrel Outer Membrane
Proteins (OMPs) are trafficked to the OM by translocation
through the Sec system, where periplasmic chaperones, like surA,
shuttle the unfolded OMPs to the B-barrel Assembly Machine
(BAM) for insertion into the OM (41, 42). Since Dmal has
domains inserted into both membranes, it is unclear whether
Dmal is localized via the BAM complex. It is tempting to spec-
ulate that Bacteroidota have evolved additional systems specifically
to ensure the proper localization of members of the Dma family,
but future studies are required to validate this hypothesis.

The presence of Dmal proteolytic fragment provides clues
about Dmal regulation. In E. coli and similar organisms, there
are typically two proteolytic events that occur at the inner and
outer leaflet of the IM to inactivate anti-sigma factors (30, 43).
Two IM proteases, DegS and Rsel, involved in RIP have been
characterized (44, 45). Potential orthologs of these IM proteases
are predicted to be present in Bz. Future work will be focused on
understanding what are the signals that trigger Dmal proteolysis,
and the enzymes involved in the process.

Our screening led us to the identification of the Dma family.
However, we also identified multiple mutants displaying hyper-
and hypovesiculation phenotypes. The investigation of these
mutants will further our understanding of the bacterial vesicula-
tion mechanisms and will lead to identification of the elusive
machinery responsible for OMV biogenesis.

Materials and Methods

Bacterial Strains and Growth Conditions. Strains, oligonucleotides, and
plasmids are described in S/ Appendix, Table S1. E. coli was grown aerobically at
37 °Cin Luria-Bertani (LB) medium. Bacteroides strains were grown in an anaer-
obic chamber (Coy Laboratories) at 37 °C containing an atmosphere of 10% H,,
5% C0,, 85% N,. Bacteroides were cultured in brain heartinfusion (BHI) medium
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(Fisher Scientific) supplemented with 5 ug/mL hemin and 1 pg/mL vitamin
K3. When applicable, antibiotics were used as follows: 100 pg/mL ampicillin,
200 pg/mL gentamicin, 25 ug/ml erythromycin, and 10 pg/mL tetracycline.

Genetic Manipulation of Bt. Deletion mutants were constructed using the pSIE1
vector described in Bencivenga-Barry et al. (46). Briefly, ~750 base pair regions
flanking genes of interest were cloned into pSIE1. Vectors were conjugated into
Bt, and positive conjugants were identified by selection on BHI plates containing
gentamicin and erythromycin. Counterselection was performed on BHI plates in
the presence or absence of 125 ng/mL anhydrotetracycline (aTc). Mutants were
identified by PCR prior to whole genome sequencing. Complemented strains
were made using vectors from ref. 47.

oMV Isolation. OMVs were purified by ultracentrifugation from cell-free culture
supernatants. Briefly, 50 mL of Bt culture grown to late stationary phase was
centrifuged twice at 6,500 rpm at 4 °C for 10 min. Supernatants were filtered
using a 0.22-um-pore membrane (Millipore) to remove residual cells. The filtrate
was subjected to ultracentrifugation at 200,000 x g for 2 h (Optima L-100 XP
ultracentrifuge; Beckman Coulter). Supernatants were discarded, and pellets
were resuspended in PBS standardized to 0D . When performing MS analysis,
purified OMV preparations were lyophilized.

Subcellular Fractionation. Total Membrane (TM) preparations were isolated
by cell lysis and ultracentrifugation. Briefly, late stationary phase cultures were
harvested by centrifugation at 6,500 rpm at 4 °C for 10 min. The pellets were
gently resuspended in a mixture of phosphate-buffered saline (PBS) containing
complete EDTA-free protease inhibitor mixture (Roche Applied Science). Cells
were then lysed using two passes through a cell disruptor at 35 kPa. Next, cen-
trifugation at 8,500 rpm at 4 °C for 8 min was performed to remove unbroken
cells. Total membranes were collected by ultracentrifugation at 200,000 x g for
1hat4°C. Supernatants were discarded, and pellets were resuspended in PBS
standardized to OD . TM fractions were lyophilized for MS analysis.

SDS-PAGE and Western Blot Analyses. Total membrane and vesicle fractions
were analyzed by standard 10% Tris-glycine SDS-PAGE. Samples were normalized
by 0Dy, and equivalent volumes were loaded onto an SDS-PAGE gel. Coomassie
Blue staining was employed to analyze protein profiles. When applicable, sam-
ples were transferred onto a nitrocellulose membrane for western blot analysis.
Membranes were blocked using Tris-buffered saline (TBS)-based Odyssey block-
ing solution (LI-COR). Primary antibodies used in this study were rabbit polyclonal
anti-His (ThermoFisher) and mouse monoclonal anti-FLAG (Sigma). Secondary
antibodies used were [RDye anti-rabbit 780 (LI-COR). Imaging was performed
using an Odyssey CLx scanner (LI-COR).

Lipopolysaccharide (LPS) Silver Stain. Abundance of LPS was measured
according to Tsai and Frasch (48). Briefly, samples were normalized by 0Dy,
then diluted and treated with Proteinase K, prior to loading equal amounts onto
a 15% SDS-PAGE gel. After running, gels were fixed overnight in 200 mL of 40%
ethanol in 5% acetic acid. Next, gels were oxidized for 5 min in 100 mL of 0.7%
fresh periodic acid in 40% ethanol and 5% acetic acid. Upon completion, gels
underwent three washes (15 min each) in milliQ H,0.The gels were then stained
for 10 min in the dark with 28 mL 0.1 M NaOH, 2 mLNH,0H, 5 mL20% AgNO;,
and 115 milliQ H,0. Gels underwent three additional washes prior to developing
in 200 mL H,0 with 10 mg citric acid and 100 pL formaldehyde.

OMV Reporter Screen. Transposon mutagenesis was performed by adapting
the protocol of Veeranagouda etal. 2013 (49, 50) on Bt constitutively expressing
BACOVA_04502 (Inulinase; INL) fused to Nanoluciferase (NLuc) at the C terminus.
Briefly, INL-NLuc was cloned in the pWW3867 vector (47) and expressed in Bt.
Next, cells were conjugated with pSAM-Bt_Tet (S/Appendix, Table S1) to create the
transposon mutant library. Selection was performed on BHI agar plates containing
25 ug/mLerythromycinand 10 pg/mLtetracycline. Upon plating, individual colo-
nies were isolated and transferred to 200 L of BHI media in clear, round-bottom
96-well plates (Corning) and incubated for 24 h. After incubation, samples were
subcultured and diluted (1:20) in the same volume of BHI media and transferred
to a second 96-well plate for a 20-h incubation. Next, we measured the 0D,
of cultures in each plate with a BioTek microplate reader. Plates then underwent
centrifugation at 4,000 rpm to pellet cells. Supernatants were collected and
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transferred to 0.22 pm hydrophilic low protein binding 96-well filter plates
(Millipore) and centrifuged at 4,000 rpm to remove residual cells. Quantification
of OMV production in 96-well plate format was done by performing Nano-Glo
assays using the Nano-Glo Live Cell Assay System (Promega). Briefly, 100 pL of
filtered supernatants was transferred to white bottom 96-well plates (Corning)
and 20 pl of Nano-Glo Live Cell Reagent was added to each well. Plates were
shaken for 20 s in a BioTek microplate reader prior to quantifying luminescent
output. Luminescence was normalized to OD,q,. Transposon mutants displaying
a>1.5-fold increase relative to the wild type were considered hypervesiculating
strains, while those displaying <0.5-fold decrease were deemed hypovesiculat-
ing strains. These candidates of interest then underwent secondary screening
to further characterize the phenotype. Transposon insertions from candidates of
interest were identified by genomic DNA extraction and sequencing.

Protein Expression for In Vitro Pulldown Assay. Here, in vitro pulldown assays
were adapted from Ndamukong et al. (32). Briefly, we cloned the N-terminal 40
amino acids of Dma1 into the pGSTag vector (51) to serve as a bait protein, while
Das1 was cloned into the pET32a-TRXtag vector (52) to function as the prey protein.
Constructs were expressed in E. coli BL21 by induction of mid-log phase cells for 3
hwith 1 mMisopropyl-B-D-thio-galactopyranoside (IPTG). Cells were extracted in
20 mMTris-HCl pH 8.0, 300 mM NaCl, and supplemented with protease inhibitor
(53). Cells were lysed by a single passage through a cell disruptor at 35 kPa. After
disruption, lysates were incubated in 1% n-dodecyl-B-D-maltoside (DDM) for at
least 3 h. Protein stability was checked by affinity purifying GSTfusion proteins with
glutathione-Sepharose 4B resin and TRX-His fusion proteins with Ni-nitrilotriacetic
acid (NTA) resin, followed by SDS-PAGE. Upon confirmation of stability, lysates from
the bait and prey proteins were used during the pulldown assays.

In Vitro Pulldown Assay. Pulldown assays were performed by collecting lysates
from cells expressing either bait or prey proteins. Next, lysates containing the
GST-fused bait protein were mixed ina 1:1 ratio with those of the TRX-His tagged
prey proteins and incubated in the presence of 10% glycerol, protein extraction
buffer, and glutathione Sepharose resin at 4 °C overnight while shaking. Controls
were included to rule out nonspecific interactions with the affinity tags. Next, we
collected an aliquot of the mixture prior to passage through a column (Input). The
resin underwent three successive washes with extraction buffer supplemented
with 0.2% DDM. Bound proteins were eluted in 50 mM Tris-HCI pH 8.0 and
10 mM reduced glutathione (Output). Equivalent amounts of sample from the
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inputand output were analyzed by western blotting with mouse monoclonal GST
(Millipore Sigma) and rabbit polyclonal His (Invitrogen) antibodies.

Phylogenetic Analysis of the Dma Family. Whole-genome fasta files were
obtained from NCBI Assembly on 06/28/23. Genomes were annotated for open
reading frames with prokka v1.14.6 using the command “prokka ${ID}_*.fna
--outdir ${ID} --locustag ${ID} --mincontiglen 500 --prefix ${ID} --force --notrna
--norma’ {24642063}.The core genome alignment of the 29 genomes was created
using panaroo v1.2.10 on the .gff files from prokka with the command “panaroo -i
${indir/*.gff -o ${outdir}--clean-mode moderate -a core -c.8 -f.5 --core_threshold
.99 -t 12 --search_radius 10 --refind_prop_match 100 -t ${SLURM_CPUS_PER_
TASKY' {32698896). Alignment of the 29 core genes identified by panaroo was
performed using mafft v7 {23329690}. The core genome alignment from pana-
roo was constructed into a maximum likelihood phylogenetic tree using RAxML
v8.2.12 with the command "raxmIHPC -s core_gene_alignment.aln -n EP_raxm|
-m GTRGAMMA -fa-T4-N 100 -p 12345 -x 54321"{24451623}. Identification of
Dma1, Dma2, and Dma3 homologs outside of B. thetaiotamicron was performed
with the NCBI thlastn webserver using the protein sequences for each gene as query
and the whole-genome fasta files as the subject with 95% query cover threshold as
a positive result for gene presence. AlphaFold structural predictions were used to
confirm genes identified during the blast search. The newick file was viewed and
analyzed with metadata on Dma‘1, Dma2, Dma3, related gene information in iTOL
webserver{33885785).

Data, Materials, and Software Availability. Mass Spectrometry Proteomics
data has been deposited in the Proteome Xchange Consortium via the PRIDE
partner repository (54) with the dataset identifier PXD043360 (55). RNA
sequencing data has been deposited with links to BioProject accession num-
ber PRINA994135 in the NCBI BioProject database (https://www.ncbi.nIm.nih.
gov/bioproject/) (56).
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