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Abstract

The Omp85 protein superfamily is found in the outer membrane (OM)
of all gram-negative bacteria and eukaryotic organelles of bacterial origin.
Members of the family catalyze both the membrane insertion of B-barrel
proteins and the translocation of proteins across the OM. Although the
mechanism(s) by which these proteins function is unclear, striking new in-
sights have emerged from recent biochemical and structural studies. In this
review we discuss the entire Omp85 superfamily but focus on the function
of the best-studied member, BamA, which is an essential and highly con-
served component of the bacterial barrel assembly machinery (BAM). Be-
cause BamA has multiple functions that overlap with those of other Omp85
proteins, itis likely the prototypical member of the Omp85 superfamily. Fur-
thermore, BamA has become a protein of great interest because of the recent
discovery of small-molecule inhibitors that potentially represent an impor-
tant new class of antibiotics.
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1. INTRODUCTION

The Omp85 superfamily is a group of proteins that are widely distributed in the outer mem-
brane (OM) of gram-negative bacteria and organelles of bacterial origin, including mitochondria
and chloroplasts. These exceptionally important proteins carry out various essential housekeeping
functions. Like almost all bacterial outer membrane proteins (OMPs) and a subset of mitochon-
drial and chloroplast OMPs, Omp85 proteins contain an amphipathic f-sheet that is folded into
a closed B-barrel structure that serves as a membrane-spanning domain (100). While B-barrels
whose structure has been solved range in size from 8 to 36 B-strands (69, 87), all members of
the Omp85 superfamily contain a 16-stranded B-barrel located at their C terminus (12, 17, 29,
33, 82). A comprehensive taxonomic analysis identified 10 distinct subfamilies within the Omp85
superfamily (39). Most subfamilies are defined by the presence of one to five soluble N-terminal
polypeptide translocation associated (POTRA) domains (25, 96). Although the overall sequences
of the B-barrels of the Omp85 paralogs vary considerably, they typically share characteristic se-
quence features such as a conserved motif (VRGF) found in an extended surface loop (loop 6)
that is required for protein stability (25, 82). Some members of the superfamily are free-standing
proteins, whereas others are associated with accessory proteins that contribute to function (39). As
described in more detail below, the structures of several Omp85 proteins have been solved either
in isolation or as complexes and differ significantly (Figure 1).

Although the function of many members of the Omp85 family is unknown, the Omp85
proteins that have been characterized to date catalyze the insertion of other p-barrel proteins
into the OM, the translocation of proteins or protein domains across the OM, or both. In gram-
negative bacteria, BamA is a universal and highly conserved Omp85 protein that is an essential
component of the barrel assembly machinery (BAM), a heterooligomer that promotes the
integration of B-barrel proteins into the OM (36, 119, 128). The bacterial OM is an asymmetric
membrane that consists of phospholipids in the inner leaflet and a unique glycolipid called
lipopolysaccharide (LPS) in the outer leaflet (47, 66). In addition to BamA, Escherichia coli BAM
contains several lipoproteins (designated BamB-BamE) that are bound to the BamA POTRA
domains on the periplasmic side of the OM [the space between the inner membrane (IM) and
the OM] (30, 106, 128). In 2021, BamA was also shown to promote protein export across the OM
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Figure 1

Structures of members of the Omp85 protein superfamily. (#) Representative high-resolution structures of Omp85 proteins (purple) and
their accessory proteins are depicted. From left to right: the SAM complex from Thermothelomyces thermophilus consisting of Sam50 and
cytoplasmic accessory proteins Sam35 and Sam37 (PDB ID: 6WUT) (17); the BAM complex from Escherichia coli consisting of BamA
[shown in both lateral-closed (PDB ID: 5D0O) (30) and lateral-open (PDB ID: 5LJO) (49) conformations] and periplasmic accessory
proteins BamB-BamE (BamE is not visible); TamA from E. co/i (PDB ID: 4C00) (29) that forms the TAM with TamB; and the TpsB
translocator-type Omp85 protein CdiB from Acinetobacter baumannii (PDB ID: 6WIL) (33). The POTRA domain(s) of each Omp85
protein and the luminal a-helix of CdiB (green) are indicated. The first and sixteenth p-strands (31 and p16) that form the p-seam of
each Omp85 protein are red and yellow, respectively, and loop 6 is black. BamA and TamA have been implicated in both OMP
integration and polypeptide translocation reactions. (#) Magnified views of the B-barrel domain of E. co/i BamA (boxes). The closed form
has a weakly hydrogen-bonded B-seam (dotted lines) and a kinked p16. In the open form the N-terminal B-strands of BamA rotate
outward to create a lateral opening. (¢, /eff) A low-resolution (~32 A) negative-stain electron microscopy reconstruction of the TOC
core complex from Pisum sativum (pea) showing putative side view (fop) and cytoplasmic view (bottom). (Right) The oligomeric model
depicts four copies of the Omp85 family member Toc75 surrounding a single Toc159 accessory protein. Panel ¢ adapted from
Reference 99 with permission from the publisher. Abbreviations: f1, B-strand 1; BAM, barrel assembly machinery; IMS,
intermembrane space; OM, outer membrane; OMP, outer membrane protein; POTRA, polypeptide translocation associated; SAM,
sorting and assembly machinery; TAM, translocation assembly module; TOC, translocase in the outer chloroplast membrane.

(20). Klebsiella species contain a BamA-like protein designated BamK that rescues the function of
a loss-of-function bamA mutant, and some Pseudomonas species contain a second copy of BamA
(BamA2) (39, 118). Many Proteobacteria and Bacteroidetes also produce a nonessential Omp85
protein called TamA [translocation assembly module (TAM) subunit A; see Figure 1] and a
similar uncharacterized protein called TamL (40). The exact function of TamA is unclear (1), but
available evidence strongly suggests that it functions in association with TamB, a large periplasmic
protein anchored in the IM, to promote the assembly of a subset of OMPs (41, 101-103, 113).
Members of a wide variety of phyla (e.g., Proteobacteria, Fusobacteria, Cyanobacteria) produce a
different type of Omp85 protein called TpsB that is a component of the so-called two-partner
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secretion (TPS) system (39) (see Figure 1). Unlike the BamA and TamA families, TpsB proteins
are devoted exclusively to the secretion of a specific exoprotein known as TpsA (32). TpsA
proteins are typically large (100-500 kDa) virulence factors that fold into an extended p-helix and
that are encoded in the same operon as their cognate TpsB transporter (58).

Members of several other Omp85 subfamilies are widespread but have remained largely un-
characterized (39). For instance, several bacterial lineages, including Proteobacteria, Fusobacteria,
and Bacteroidetes, encode Omp85 proteins that contain an additional patatin-like domain attached
to the N terminus of a single POTRA domain (15). A study of the Pseudomonas aeruginosa PlpD
protein suggests that the patatin-like domain might be secreted and that this subfamily might
therefore share properties with the TPS system (95). Given that other uncharacterized subfami-
lies contain N-terminal metalloprotease domains, BamB-like domains, or potentially N-terminal
lipidated residues (39), functional domain variation at the N terminus appears to be a common
theme among bacterial Omp85 proteins.

With respect to eukaryotic Omp85 proteins, mitochondria contain a conserved homolog of
BamA called Sam50 (or Tob55) that is the essential subunit of the so-called sorting and assembly
machinery (SAM) (16). Like BAM and TAM, SAM promotes the integration of B-barrel pro-
teins into the OM (57, 85, 124). Sam50 differs from BamA, however, in that it contains only one
POTRA domain (instead of five) and associates with two accessory proteins, Sam35 (Tob38) and
Sam37 (Mas37), that are unrelated to the bacterial BAM lipoproteins and that are located on the
cytosolic side of the OM (the equivalent of the extracellular space in bacteria; see Figure 1) (17,
116, 120). A study of SAM published in 2021 strongly suggests that at least in yeast it functions by
a mechanism that is distinct from that of BAM (116) (see Section 2.2). Chloroplasts produce an
essential Omp85 protein called OEP80 or Toc75-V (86) whose function has remained elusive, but
in 2021 a study provided evidence that it plays an important role in facilitating p-barrel insertion
(28). In addition to OEP80, chloroplasts produce a completely distinct Omp85 protein, Toc75,
that has been well characterized. Toc75 forms a translocation channel that, in concert with several
proteins exposed on the cytoplasmic side of the OM (Toc34, Toc64, and Toc159) that are like-
wise subunits of the translocase in the outer chloroplast membrane (TOC), provides the primary
pathway for the import of nuclear encoded proteins into chloroplasts (23, 104).

Although the basic functions of members of the Omp85 superfamily have emerged during the
past 20 years, the mechanisms by which they catalyze specific protein transport and insertion reac-
tions are still not well understood. In this review we describe striking new insights into the function
of these proteins that have recently emerged through a combination of structural and biochem-
ical studies. We focus on BamA, which, perhaps because it plays a critical role in cell physiology
and is essential for viability, is the best-studied member of the Omp85 superfamily. Furthermore,
BamA has become a protein of great interest because it is the target of several recently described
small molecules that have potent antibacterial activity against various pathogens (38, 53, 76, 79).
We also speculate on the evolution of the superfamily based on phylogenetic analyses and recent
functional studies of BamA and other Omp85 proteins.

2. MECHANISMS BY WHICH Omp85 PROTEINS CATALYZE
THE ASSEMBLY OF OUTER MEMBRANE B-BARREL PROTEINS

Although recent studies have provided remarkable insights into the mechanisms by which BAM
and SAM promote the assembly (folding and membrane insertion) of OMP transmembrane
B-barrel domains into bacterial and mitochondrial OMs, a complete picture of their mode of ac-
tion has yet to emerge. Nevertheless, the process can clearly be divided into three basic steps:
(@) recognition, (b) folding and integration, and (¢) release into the lipid bilayer. It is likely that all
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three steps are facilitated by a unique property of the BamA and Sam50 B-barrel domains. Un-
like most OMP B-barrels, which form exceptionally stable structures through hydrogen-bonding
between their first and last B-strands (the p-seam; see CdiB in Figure 1) (100), the BamA and
Sam50 B-barrels have an unstable B-seam between B-strand 1 (B1) and a kinked B-strand 16 (B16)
that can open laterally (17, 75, 81, 82). For unknown reasons, TamA also exhibits this unusual B-
seam structure (29). The dynamicity of the BamA B-seam is illustrated in several solved structures
that show a lateral-closed conformation, in which the interior of the B-barrel domain is open to
the periplasm, and a lateral-open form, in which the interior of the B-barrel domain is open to the
external milieu (30, 49, 50). Based on genetic and cell physiology studies, the lipoprotein acces-
sory subunits of BAM (especially BamD) likely play important supporting roles (8, 70, 78, 123),
but their exact function is unclear. As noted in Section 2.2, Sam35 and Sam37 likewise appear to
play important supporting roles by structurally stabilizing intermediate stages in the assembly of
mitochondrial OMPs (116).

2.1. Recognition of f-Barrel Proteins

Bacterial OMPs and their mitochondrial and chloroplast counterparts reach their destination by
distinct but conceptually related pathways. Bacterial OMPs are first translocated across the IM
into the periplasm through the Sec machinery (66). Most mitochondrial and chloroplast OMPs
(which are nuclear encoded proteins) are first translocated across the OM through the translocase
in the mitochondrial outer membrane (TOM) or TOC complexes into the intermembrane space
(IMS), which is the evolutionary derivative of the bacterial periplasm (17). Transport of OMPs
into the periplasm/IMS in all of the systems is based on the recognition of an N-terminal signal
peptide (or transit peptide in chloroplasts). Once in the periplasm, bacterial OMPs interact with
molecular chaperones, including Skp (a jellyfish-like homotrimer), SurA (a parvulin-like peptidyl-
prolyl isomerase), and DegP (a large cage-forming homooligomer), that presumably keep them
in an insertion-competent conformation (66). One of these proteins (SurA) interacts with BamA
(6, 107) and may play a role in targeting OMPs to BAM (see below). In contrast, available evi-
dence suggests that in mitochondria B-barrel proteins are transferred from the TOM complex to
SAM by the small translocase in the mitochondrial inner membrane (TIM) chaperones and by
the formation of a supercomplex between the two complexes by Tom22 (46, 90, 125).

Despite the differences in targeting pathways and in the chaperones that interact with B-barrel
proteins in bacteria and mitochondria, it has long been known that a C-terminal motif in B-barrels
called the B-signal (G/g-®-g-P/Q-¢-Q in bacteria, where ¢, ®, and Q represent hydrophilic, hy-
drophobic, and aromatic amino acids, respectively, and G-®-x-®/Q-x-®/ in mitochondria) plays
a critical role in assembly (52, 63, 68, 112). Recent evidence indicates that the B-signal targets
OMPs to BAM in E. coli (121). Studies in which the interactions between arrested OMP assembly
intermediates and BAM or SAM were precisely mapped by disulfide bond cross-linking showed
that the B-signal binds tightly to BamA or Sam50 B1, whereas the N-terminal strand of the sub-
strates binds weakly and dynamically to the C terminus of the Omp85 protein (19, 45). These
studies strongly suggest that BamA and Sam50 recognize their client proteins by binding to the
p-signal (Figure 2). Consistent with this notion, a cryo-electron microscopy (cryo-EM) study of
the arrested assembly intermediate bound to BAM has clearly shown a direct interaction between
the B-signal and B1 of a laterally open form of BamA (21) (see Figure 3). Furthermore, another
structural study has shown that a naturally occurring antimicrobial peptide called darobactin that
mimics a B-signal binds to the open BamA B-barrel at the same location and likely produces toxic
effects by acting as a competitive inhibitor of the B-signal-f1 interaction (63).

The recognition of incoming OMPs likely involves more than the binding of the B-signal by
Omp85 proteins. The findings that folded states affect the assembly of OMPs in vitro and that
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Figure 2

Stages of OMP B-barrel folding and membrane insertion by Omp85 integrases. (#) Recognition. Available evidence indicates that
unfolded OMPs in the periplasm (bacteria) or IMS (mitochondria) are recognized by chaperones or accessory proteins and delivered to
the Omp8S5 protein (e.g., BamA or Sam50) at the OM. The BS (green) at the C terminus of OMPs is bound by Omp85 p1 (red).

(b) Folding and integration. Three models are depicted. In the assisted model (top), the OMP undergoes significant folding prior to
membrane insertion (step 1). The Omp85 protein locally thins the OM near its C terminus to catalyze OMP integration (step 2). In the
threading model (middle), unfolded OMPs enter the lumen of the Omp85 protein and a f-hairpin containing the S is inserted into the
OM between B1 and B16 of the lateral gate (step 1). OMP B-strands are threaded sequentially from C to N termini to form an
integrated hybrid-barrel intermediate structure (step 2). In the swing model (bottonz), the OMP forms a partially folded B-sheet that is
bound only to B1 of the Omp85 protein via the BS (step 1). The rotation of the N-terminal B-strands of the Omp85 protein (into the
lateral-open conformation) allows for a swinging action as the p-sheet is integrated. The B-sheet then folds toward the Omp85 protein
to form an integrated hybrid-barrel intermediate structure (step 2). (¢) Release. It has been proposed that hydrogen bonds formed
between the OMP BS and the Omp85 1 are exchanged with those formed within the OMP B-seam (BS-B1) to promote closure and
release of the fully folded OMP (step 1). In the SAM system, it appears that the new p-barrel is displaced by a second copy of the
Omp85 protein (Omp85b) (step 2). The BAM system does not require this second step. Abbreviations: f1, f-strand 1; BS, B-signal;
BAM, barrel assembly machinery; IMS, intermembrane space; OM, outer membrane; OMP, outer membrane protein; SAM, sorting
and assembly machinery.

264  Doyle o Bernstein



a Open-sheet state Intermediate-open state Barrelized state Barrelized state
Membrane

tension
force
Deflected
_sheet
BamA® in
EspP folding o barrel-like
toward BamA _ =

EspP folding into barrel EspP in barrel-like state

Figure 3

Model of BamA-catalyzed folding of bacterial B-barrels. Side views (#) and extracellular views (b)) of BamA-OMP hybrid-barrel
intermediate structures. Recent cryo-EM structures of BAM folding the B-barrel of the autotransporter EspP (open-sheet state, PDB
ID: 7TTS5; intermediate-open state, PDB ID: 7TT6; barrelized state, PDB ID: 7T'T7) (21) suggest that EspP forms a B-sheet in the
OM that would deflect the membrane (far left and mid-left). Current evidence suggests that the tension forces across the rigid OM
would assist assembly by forcing B-sheet folding toward BamA and into a barrel-like structure (#2id-right) that may precede the release
stage of assembly. The recent cryo-EM structure of BamA (BamAM) folding a new copy of BamA (BamAS; PDB ID: 6V05) (far right)
(117) may depict a stage of assembly that is similar to that of the BAM-EspP barrelized state. For clarity, accessory proteins of the BAM
complex and BamA POTRA1-4 are removed from the displayed structures. Abbreviations: BAM, barrel assembly machinery; BamAM,
BamA subunit of the active BAM insertase; BamAS, BamA substrate; cryo-EM, cryo-electron microscopy; E, extracellular space; OM,
outer membrane; OMP, outer membrane protein; P, periplasm; POTRA, polypeptide translocation associated.

the presence of SurA can compensate for B-signal mutations in vivo (48, 121) suggest that the
conformation of OMPs and their mere delivery to BAM by chaperones may significantly influence
their recognition. There is also evidence that the BamAB and BamCDE subcomplexes participate
in substrate recognition and that BamD recognizes the p-signal (36, 37, 92). Indeed a new study
that investigated the assembly of the trimeric porin OmpC showed that the C-terminal region of
BamD binds to the B-signal and that the N-terminal region binds to a newly identified conserved
motif found in the fifth-to-last strand of OMPs (the —5 signal) (26). It is plausible that the —5
signal provides a means for the >20% of E. coli OMPs that lack a classical B-signal to bind to BAM.
These proteins also contain other conserved C-terminal motifs (121) that in one case interact
strongly with the N terminus of BamA (71, 117). In addition, the observation that the C terminus
of chloroplast B-barrel proteins, which also lack a B-signal, contributes to membrane insertion (28)
suggests that the final -strand of OMPs has a potentially universal role in promoting recognition
by Omp85 insertases.

2.2. Folding and Integration of OMP B-Barrels

Although the function of the BAM lipoproteins is largely unknown, several different models
have been proposed to explain the mechanism by which BamA promotes the assembly of OMP
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p-barrels. All of these models are based on the postulate that the opening of the unstable BamA
B-seam plays an important role in the assembly process. Consistent with this notion, experiments
have shown that locking the B-seam shut with disulfide bonds causes a lethal phenotype or in-
hibits OMP assembly in vitro (18, 49, 81). The original two models were based on different ideas
about the significance of the lateral opening. The threading (or budding) model proposed that
incoming B-barrel segments pass through the BamA pore in an unfolded conformation and then
enter the OM through a lateral gate formed between the strands of the BamA B-seam (82). In
this scenario, BamA B1 and B16 template the sequential formation of B-hairpins and lead to the
assembly of an expanding hybrid-barrel composed of BamA and the substrate B-barrel (Figure 2).
Ultimately, the new p-barrel buds off from BamA into the lipid bilayer. At the other extreme, the
assisted model suggested that the unstable B-seam, as well as the uniquely wedge-shaped struc-
ture of BamA, facilitates the integration of partially or completely folded p-barrels by altering the
thickness of the OM and thereby lowering the kinetic barrier imposed by lipid headgroups (27, 82,
98). Indeed, molecular dynamics simulations support the idea that the local membrane structure
would be significantly perturbed by the opening of the BamA B-barrel (73, 82).

Recent experimental results have provided evidence that supports an alternative model for
OMP assembly in E. coli. Of particular note, the study described above in which interactions be-
tween an arrested OMP assembly intermediate and BamA were mapped introduced the idea that
incoming B-barrel proteins form an asymmetric hybrid-barrel with BamA during the insertion
process (19) (see the swing model in Figure 2). This notion is strongly supported by the afore-
mentioned cryo-EM analysis of a BAM-OMP assembly intermediate that reveals the dynamics of
integration (21). The structural data strongly suggest that OMP assembly involves the membrane
integration of a slightly curved B-sheet that is bound to BamA 1 via the p-signal but unbound
at the N terminus (hence the asymmetry). The B-sheet then progressively folds toward BamA to
form a nearly closed p-barrel-like structure (21) (see Figure 3). A remarkable degree of membrane
remodeling and significant BamA conformational dynamics were observed for these intermedi-
ate states. Taken together with previous biochemical studies (19, 21), the results suggest that the
lateral-open form of BamA binds to the B-signal and then promotes the integration of partially
folded substrates into a locally perturbed membrane bilayer through a swing mechanism. The no-
tion that OMP B-barrels pass through an asymmetric hybrid-barrel intermediate is also supported
by another cryo-EM study that examined an atypical substrate captured at a late stage of assembly
(117) (see Figure 3).

Despite these advances in elucidating the mechanism by which OMP B-barrels are inserted into
the bacterial OM, the stage at which folding is initiated remains unclear. Experiments on a class of
OMPs known as autotransporters that contain an extracellular (passenger) domain connected to
the p-barrel by an embedded linker show that the linker becomes resistant to proteases and chemi-
cal modification prior to its insertion into the OM (51). In addition, an analysis of so-called trimeric
autotransporters, a family of OMPs composed of three identical subunits that each contribute four
B-strands to a single B-barrel and an extracellular segment connected to the B-barrel by an em-
bedded linker, clearly demonstrated that the barrel begins to form in the periplasmic space (105).
Perhaps analogously, a slow-folding version of LptD (an essential component of the LPS biogen-
esis pathway) incorporates an unlinked lipoprotein that acts as a plug in the fully folded protein
into its B-barrel prior to membrane integration (71). In all of these cases, the linker or lipopro-
tein cofactor might nucleate a folding reaction, and it is unclear whether empty B-barrel proteins
follow the same assembly pathway. Furthermore, it is not clear whether the initiation of folding
occurs in the periplasm or through interactions with the periplasmic components of BAM. The
recent observation that BamD can bind to specific f-strands within nascent OMPs supports the
latter hypothesis (26). In principle, the POTRA domains of BamA might also promote folding by
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providing a B-strand to template the formation of a B-sheet (otherwise known as f-augmentation;
see 65). Alternatively, the elongation model proposes that folding and insertion are completed in a
concerted reaction in which B-augmentation is initiated by the BamAB1-B-signal interaction (98).

Several lines of evidence have suggested that there might be significant differences in the mech-
anisms by which SAM and BAM catalyze the assembly of OMPs despite an overall structural sim-
ilarity. Besides the fact that the accessory proteins associated with BamA and Sam50 are entirely
unrelated, mitochondrial OMP B-barrels typically contain 19 B-strands, whereas all known bacte-
rial B-barrels contain an even number of B-strands. In addition, a disulfide cross-linking study that
examined the interaction of mitochondrial B-barrel proteins containing N-terminal deletions with
yeast Sam50 strongly suggested a threading mechanism of assembly (45). Remarkably, a structural
study published in 2021 showed that in the resting state SAM consists mainly of two copies of
Sam50 that are laterally open toward each other and a cytoplasmic cap consisting of a single copy
of Sam35 and Sam37 (116). A fraction of SAM complexes, however, contain a completely closed
p-barrel protein called Mdm10 in place of the second copy of Sam50. The structural data and
evidence that incoming B-barrel substrates are bound to a complex that contains a single copy of
Sam50, Sam35, and Sam37 led to a novel B-barrel switching model. In this model, substrate B-
strands enter the pore of Sam50a in the Sam50 dimer and are threaded through the lateral gate in
a stepwise fashion. During the process the substrate gradually displaces Sam50b. Following the re-
lease of some substrates the Sam50 dimer reforms; in other cases Mdm10 transiently replaces the
substrate before it, in turn, is replaced by Sam50b. As predicted by the B-barrel switching model, a
fully folded mitochondrial OMP (Tom40) that was fortuitously trapped on SAM in a heterologous
expression system formed a structure that was stabilized by Sam37 (120). Although the biological
advantage of the unique dimeric structure of SAM remains unknown, it is conceivable that the
second Sam50 subunit (Sam50b) protects the mitochondrial membrane from deleterious effects
of lateral opening.

2.3. Release of OMP B-Barrels from Omp85 Integrases

Regardless of the exact mechanism of integration, most of the available evidence now suggests
that at some point B-barrels pass through an assembly intermediate in which at least the B-signal
is tightly bound to the open form of the BamA or Sam50 f-barrel. The data therefore beg the
question of how newly integrated B-barrel proteins are efficiently released into the lipid bilayer. A
structural investigation of a special case in which the substrate is a new copy of the BamA B-barrel
itself (BamAS) revealed that the register of the hydrogen bonds between the C-terminal strand of
BamAS and the N-terminal B-strand of the BamA subunit of the active BAM insertase (BamAM)
differs from those formed by the first and last p-strands of the fully folded BamA B-barrel (117).
Moreover, the kinked structure of $16 (a unique feature of BamA and closely related Omp85
proteins) creates an overhang of the last few C-terminal residues of BamAS that results in an
interaction with BamAM that is incompletely hybridized (75, 117). This and other observations led
to the proposal that the release of new BamA B-barrels is triggered by the formation of hydrogen
bonds between the overhang and the N-terminal B-strand of BamAS, which causes the release
of its C terminus from BAM (117). Although this strand-exchange model is thermodynamically
favorable, typical OMPs that contain canonical structural features (e.g., a stable f-seam) cannot
undergo an overhang-enhanced release mechanism. A simpler strand-exchange model stems
from the observation that the pB-seam of fully folded OMP B-barrels is stabilized by a larger
number of hydrogen bonds than the BamAB1-$-signal interaction is (21). In this model, both the
asymmetric interaction between Omp85 proteins and their substrates and the greater number of
hydrogen bonds in the f-seam of fully folded barrels create a stability gradient that promotes the
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thermodynamically favorable closure of the new B-barrels by strand-exchange (19, 21). Regardless
of the mechanism of release, it is clear that the timing and efficiency of release can be regulated
by several factors. In this regard it is notable that an interaction between a surface-exposed lysine
residue in an autotransporter B-barrel and LPS may contribute to its release from BAM (88).

2.4. Factors That Might Contribute to the OMP Assembly Function of BAM

Recent work has led to intriguing evidence that BAM is not uniformly distributed in the E. coli
OM. Experiments in which the positions of newly synthesized BAM components and a model
OMP (BtuB) were monitored by fluorescence-based methods revealed that both are located in
~0.5-mm islands that initially form in nonpolar regions and then slowly diffuse toward the cell
poles (91). The notion that OMPs are assembled primarily in nonpolar regions was supported
by a microscopy study published in 2021 in which BAM and the Sec machinery colocalized with
the divisome at the midcell site of septation (13). In light of recent evidence that the tension
across the OM affects OMP folding and that the lipid environment itself plays a significant role
in OMP assembly (see Section 5) (21, 47), it is conceivable that BAM needs to be localized to re-
gions of the OM that have specific physical properties or lipid compositions to function optimally.
Super-resolution imaging experiments indicate that BAM resides in ~200-nm supercomplexes in
situ that are held together by interactions between BamA and BamB and that expand during ac-
tive protein synthesis (35). It is currently unclear, however, whether the formation of these BAM
precincts significantly affects the efficiency of OMP assembly or whether they are required for
the assembly of specific OMP families.

Although the function of TAM has not been established, several models have been proposed
in which this complex works in conjunction with BAM to stimulate the assembly of at least a
subset of OMPs (1). In one model, TAM and BAM act at distinct stages of assembly. In a second
model, TAM is activated to assist BAM only under specific conditions. In a third model, TAM
and BAM cooperate by transiently forming a larger complex. This model is supported by the
observation that FimD, the OM channel component of the fimbrial usher secretion system, is
assembled efficiently only when both BAM and TAM are present in the cell (113). The notion that
Omp85 assembly machines associate and disassociate to synergistically enhance substrate folding
is especially intriguing in light of the finding that the Sam50 B-barrel forms an open homodimer
and a heterodimer with the Mdm10 B-barrel that appear to be important for OMP assembly
in mitochondria (116). Indeed, it is conceivable that BamA and TamA, both of which have the
potential to open laterally (29), form an analogous complex in bacteria. The curious observation
that TamB interacts with BamA and promotes OMP assembly in Borrelia burgdorferi, an organism
that lacks TamA, also suggests a possible functional connection between TAM and BAM (56).
Nevertheless, the observation that a tamA knockout does not affect the assembly of abundant
OMPs and affects growth only under specific conditions (62, 97, 109) strongly suggests that TAM
has a highly specialized function in E. co/i. As an aside, it is possible that TAM acts independently
of BAM and that TamA also forms a hybrid-barrel with its substrate at an intermediate stage of
assembly (29, 114).

3. MECHANISMS BY WHICH Omp85 PROTEINS CATALYZE PROTEIN
TRANSLOCATION REACTIONS

Because the TpsB component of bacterial TPS systems transports polypeptides across rather than
into the OM, it is not surprising that its structure differs in specific ways from those of BamA,
TamA, and Sam50 (Figure 1). The B-barrels of the TpsB proteins differ from the insertases in that
they contain a stable f-seam and an embedded a-helix (H1) that is connected to the N terminus
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of the periplasmic POTRA domains (12,33, 77, 82). TpsB proteins also contain long extracellular
loops [in addition to loop 6 (L6), which is also found in BamA and other insertases] that may
contribute to the diffusion of polypeptides across the OM.

Given that the TpsB p-barrel forms a constricted channel that is only ~3 A in diameter in
the resting state (12), it seems likely that exoprotein secretion would require large conforma-
tional changes. Consistent with this notion, electrophysiology and electron paramagnetic reso-
nance spectroscopy experiments on the Bordetella pertussis TpsB protein FhaC indicated that the
B-barrel cycles between a closed channel state and an open channel state, which is favored in
the presence of its exoprotein substrate filamentous hemagglutinin (FHA), in which H1 moves
from the lumen of the FhaC -barrel to the periplasm (31). In a follow-up study, a similar ap-
proach demonstrated conformational changes in L6 that involve the disruption of interactions
with the inner wall of the p-barrel to modulate channel opening (34). Conformational changes in
the membrane-proximal POTRA domain were also affected by the presence of FHA, which had
previously been shown to bind to the POTRA domains (44). Taken together, the results suggested
a dynamic interaction between the substrate, the POTRA domains, and L6 that plays a key role
in the transport reaction.

Significant insight into the translocation path of a T'psA exoprotein and a model for the mecha-
nism of translocation emerged from a study in which the formation of disulfide cross-links between
cysteine residues engineered into FHA fragments that were stalled at different stages of secretion
and FhaC was monitored (4) (see Figure 4). As expected, the results indicated that the conserved
N-terminal secretion domain (or TPS domain) of FHA interacted sequentially with the POTRA
domains, the inner B-barrel surface, and the extracellular loops of FhaC. While the cross-linking
data implied that the substrate does not enter the FhaC p-barrel by a single defined path, they
showed that it interacts primarily with extracellular f-strands 5-8 (B5-B8) and loop 5 (L5) at the
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Figure 4

Models of polypeptide translocation by Omp85 proteins. (#) Export of exoproteins by the TpsB Omp85 subfamily (two-partner
secretion). (Step 1) The TpsB p-barrel lumen is a channel that is plugged by an N-terminal a-helix (H1; green). H1 is linked to POTRA
domain 1 (the linking region is shown in pink). (Step 2) H1 exits the channel and the N terminus (N) of the unfolded exoprotein
(orange) interacts with the POTRA domains and the lumen of the TpsB p-barrel. (Step 3) The N terminus of the exoprotein begins to
fold into a B-helix at the cell surface with the assistance of extracellular TpsB B-strands 5-8 (B5-B8). (Step 4) The folding of the

B-helix energizes translocation through the channel and eventually leads to the complete export of the exoprotein. (5) Export of
autotransporter passenger domains by BamA. During an intermediate stage of assembly in which BamA forms a hybrid-barrel with the
autotransporter B-barrel, the unfolded passenger domain (orunge) is translocated through the lumen of the BamA g-barrel in a C- to
N-terminal direction. Similar to exoprotein transport, the folding of the passenger domain into a B-helical structure at the cell surface is
believed to energize the export reaction. Abbreviations: OM, outer membrane; POTRA, polypeptide translocation associated.
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exit site of the B-barrel. The observation that the shortening of B5-B8 impairs FHA secretion
strongly suggests that the extracellular B-sheet plays an important role in the translocation reac-
tion. Consistent with this interpretation of the data, surface-exposed B-strands present within the
autotransporter B-barrel domain can also aid the folding of autotransporter passenger domains
(129). Taken together with the studies mentioned above, the results led to a model in which the
binding of the TPS domain of an exoprotein to the TpsB POTRA domains stabilizes an open con-
formation in which H1 moves from the lumen of the p-barrel to the periplasm (Figure 4). After
the N terminus of the exoprotein is threaded through the pore, specific $-hairpins transiently bind
to B5-B8, which facilitates folding possibly by p-augmentation. Formation of a B-helical structure
prevents the backsliding of the exoprotein through the TpsB channel and promotes completion
of the translocation reaction.

Recent work has demonstrated that BamA can also function as a translocase that facilitates the
secretion of the large passenger domains of autotransporter proteins. An analysis of intermolecular
disulfide bonding shows that the passenger domain traverses the BamA B-barrel lumen near the
site of the B1-B-signal interaction in the hybrid-barrel assembly intermediate formed between
BamA and the autotransporter (20) (see Figure 4). Because passenger domains are similar to TpsA
exoproteins in that they almost always fold into p-helices, the stepwise folding of the polypeptide
on the cell surface has been proposed to help drive translocation (60, 89). In principle, Omp85—
substrate hybrid-barrel structures might be used more generally as channels to promote the surface
localization of large loops found in other OMP families, but this possibility remains to be tested.
A study published in 2021 has suggested that BamA segments located near the f-seam might also
be involved in the import of specific toxins into E. coli (14).

The unique features of Toc75 strongly suggest that it promotes the transport of proteins from
the cytoplasm into chloroplasts by a completely distinct mechanism. Unlike TpsB proteins, Toc75
translocates a wide variety of structurally unrelated proteins. In addition, Toc75 forms a stable
TOC complex with two integral membrane proteins, Toc34 and Toc159, in a unique stoichio-
metric ratio of approximately 3:3:1-4:4:1 (9, 64, 99). Toc34 and Toc159 are GTPases that face
the cytoplasm and that bear no relationship to proteins found in bacteria 24, 99). Available evi-
dence indicates that Toc34 and Toc159 are the primary transit peptide receptors that regulate the
early steps of import by using their GTPase activities to ensure the fidelity of targeting (7, 93,
126). Although it is clear that Toc75 plays an important role in translocation, its mechanism of
action is poorly understood. Electrophysiology experiments in which Toc75 is reconstituted into
planar lipid bilayers show that the protein exhibits cationic-selective channel activities that are
altered by the presence of transit peptides that target proteins to the TOC (42, 43). The pore size
was originally predicted to be ~14-26 A, which is sufficiently large to transport largely unfolded
polypeptides, but the recent observation that folded polypeptides can be imported has suggested
that an ~30-35 A pore may form through the transient joining of two adjacent Toc75 B-barrels
into a structure that is analogous to the hybrid-barrels formed between Omp85 integrases and
their substrates (23, 24). Elucidation of the function of Toc75 has been complicated by conflicting
reports in which the POTRA domains have been localized to both the cytoplasm and the IMS.
Nevertheless, the finding that the POTRA domains bind to a chloroplast preprotein suggests that
they may play a role in promoting protein translocation that is similar to the role played by ho-
mologous domains in the TPS system (84).

4. EVOLUTION AND DIVERSITY OF THE Omp85 PROTEIN FAMILY

"Two lines of evidence suggest that a BamA-like protein is the founding member of the Omp85
family. First, the protein plays an essential role in the physiology of gram-negative bacteria (from
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which eukaryotic organelles are derived) and is universally conserved (39, 119, 128). Second, BamA
is the only Omp85 protein that has been directly shown to promote both membrane protein in-
tegration and protein translocation reactions (20). Given that there is significant sequence diver-
gence between the BamA and TpsB families (39), it seems unlikely that the nonessential TpsB
family emerged first and that the BamA family acquired a translocation function later as a re-
sult of convergent evolution. Based on current evidence, the TpsB family and the TamA/TamL
family probably branched off of a BamA-like ancestor that had both integrase and translocation
functions to evolve more specialized secretion functions and to augment the function of BamA
to compensate for deficiencies in BAM that arose in specific organisms or biological niches. Un-
like TamA and TamL, TamB is widely distributed across gram-negative lineages and appears to
have arisen early during bacterial evolution and later co-opted into TAM (40). The C terminus of
TamB has a conserved B-taco structure that is potentially analogous to the f-sheet-based structures
that are acted upon by BamA and TpsB proteins and that may play an important functional role
(59).

Perhaps the most intriguing members of the Omp85 superfamily in bacteria are largely unchar-
acterized subtypes that contain identifiable Omp85 p-barrel domains (Pfam19143) but dramati-
cally different N-terminal domains (39). The Omp85 lipoproteins (found in the phyla Bacteroidetes
and Chlorobi) contain three POTRA domains but also sequence features that predict the presence
of an N-terminal lipid anchor. A tether of this sort would likely constrain the movement of the
POTRA domains that has been shown to be important for BamA function (122). The putative lipid
anchor is especially curious in light of the observation that many lipoproteins in the Bacteroides
are surface exposed (127). Another widespread class of Omp85 proteins contains one POTRA do-
main and a domain containing homology to patatin-like phospholipases (PLPs) (39). One study
provided evidence that the PLP domain of PlpD is released from the cell surface, presumably after
itis secreted through the covalently linked p-barrel domain (95). Omp85 families that contain no
POTRA domains but instead possess N-terminal WD40-like or metalloprotease domains have
also been identified. Although it seems unlikely that the B-barrel domains of these proteins simply
serve as membrane anchors for periplasmic proteins that mediate basic physiological functions,
the role of the B-barrels remains to be determined. Indeed, the existence of Omp85 proteins that
lack an N-terminal domain provides strong evidence that the B-barrel itself can be functionally
significant either as a free protein or perhaps as a component of a larger complex. It is certainly
possible that B-barrel-only Omp85 proteins aid OMP assembly simply through lateral openings
or by altering the structure of the OM.

It is likely that mitochondrial and chloroplast Omp85 proteins evolved from a BamA-like
protein to adapt to the environment of eukaryotic cells and the nature of the substrates that
they act on. It is noteworthy, however, that the POTRA domains of OEP80 may have changed
orientation during the evolution of Toc75 (108). The TOC machinery is connected to a complex
that transports proteins across the IM [the translocase in the inner chloroplast membrane (TIC)]
by Tic236, an essential protein that is homologous to TamB (10). An evolutionary analysis indi-
cates that Tic236 coevolved with Toc75 throughout the plant lineage and that core components
of the chloroplast import machinery therefore likely evolved from a BamA/TamB machine
present in ancient cyanobacteria. This observation is especially remarkable because BAM and
TAM generally catalyze OMP membrane integration and polypeptide export reactions, whereas
the TOC-TIC supercomplex mediates a protein import reaction that moves proteins in the
opposite direction. The implication is not only that the Omp85 superfamily recruited new factors
during the course of evolution but also that family members and associated proteins that arose
early could also be repurposed.
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5. THE ENERGETICS OF PROTEIN TRANSPORT
BY THE Omp85 SUPERFAMILY

Because the bacterial periplasm lacks ATP and there is no membrane potential across the OM,
the sources of energy used by BAM, TAM, and TpsB proteins to move client proteins into or
across the membrane have remained a fascinating and enduring mystery. It has been known for
many years that the bacterial OM differs from many other biological membranes in that it is
extremely rigid (47, 115). Remarkably, a study published in 2018 showed that the OM (rather
than the cell wall) is the predominant load-bearing element in gram-negative bacteria (94). Both
the high protein concentration in the OM (OMPs have been estimated to fill at least half of the
total volume of the OM) and LPS molecules, which are strongly held together by salt bridges
with divalent cations, appear to contribute to membrane rigidity (5, 72, 80). Based on evidence
that a mutation that truncates E. co/i LPS and thereby increases membrane fluidity reduces BAM
activity, the mechanical properties of the OM have been proposed to play a critical role in BAM
function (110, 111). This idea was compellingly supported by a structural and biochemical study
published in 2022 in which multiple stages of the folding of an OMP were observed (21). At an
early stage, an open-outward conformer of BamA held the B-signal of an open OMP B-sheet at an
angle that causes deflection of the membrane (Figure 3). At a later stage, the substrate formed a
more closed hybrid-barrel with BamA but no membrane deflection was detected. The structures
implied that BamA could harness the intrinsic tension in the OM as an energy source to force
the B-sheets of incoming OMPs to close into B-barrels. Biochemical experiments showed that the
rate of OMP assembly by BAM could be significantly slowed by indirectly relaxing OM tension
and vice versa (21). The implication of this study is that the macrostructure of the bacterial OM
can store energy that is useful at a molecular scale to power the functions of at least one Omp85
protein.

Two lines of evidence suggest that energy derived from the cytoplasm or the membrane poten-
tial across the IM might also play a role in the insertion of proteins into the OM. First, biochemical
and cryo-EM studies indicate that the periplasmic domains of SecDF and YidC, two components
of the Sec machinery in the IM, contact the periplasmic components of BAM and form an extended
intermembrane complex (3). The data suggest that conformational changes in SecDF driven by
the proton-motive force in the IM drive the passage of OMPs to BAM and possibly facilitate mem-
brane insertion. Second, the observation that TamB is essential for TAM function and contains
a conserved a-helix that anchors it in the IM (102) raises the possibility that the protein obtains
energy from the proton-motive force that activates a lever arm in the TamA POTRA domains (or
pushes against TamA to deform the membrane) to facilitate OMP insertion (101, 103).

In the absence of an obvious energy source, it has long been thought that translocation through
TpsB transporters is driven by a vectorial folding process in which small unfolded segments of an
exoprotein diffuse across the OM and then fold in a stepwise fashion into B-helical segments that
cannot slide backward through the transport channel. Consistent with this notion, single-molecule
atomic force microscopy experiments have shown that FHA unfolds in a stepwise, hierarchical
process (2). With the use of this approach, a mechanically resistant, conserved N-terminal subdo-
main (which is the first segment of the protein that is secreted) was identified. Available evidence
suggests that the passenger domains of autotransporters, which also fold into a B-helix, are secreted
by a similar mechanism (60). Like the N terminus of TpsA proteins, the C terminus of autotrans-
porter passenger domains (which likewise is the first segment of the polypeptide that traverses the
OM) appears to function as an autochaperone that plays an especially important role in nucleating
folding (83, 89). Curiously, mutations that impair the folding of the middle portion of a passen-
ger domain do not affect secretion, and the surprising observation that an intrinsically disordered
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polypeptide that replaces a native passenger domain is secreted efficiently indicates that sequential
folding is not the only possible source of energy that drives secretion (61, 62). Other factors, such
as charge interactions between secreted polypeptides and membrane lipids or the Donnan force
across the OM, may also promote secretion. In any case, the remarkable similarity between TpsA
proteins and autotransporter passenger domains implies that B-helical structures have a selective
advantage for export reactions that are mediated by Omp85 proteins.

The energetics of protein transport through Toc75—in contrast to the transport of proteins
through Omp85 proteins in bacteria—is well understood. Two IM proteins, Tic40 and Ticl10,
form a scaffold for the assembly of an ATP-dependent motor that drives the import of proteins into
the stroma (11, 54). The motor itself contains members of the Hsp70 (cHsp70), Hsp90 (Hsp90C),
and Hsp100 (ClpC/Hsp93) families of chaperones (22). Although the exact function of each pro-
tein is not yet clear, each protein appears to play a key role in the import process (55, 67, 74). The
energetics of insertion of proteins into the OM of chloroplasts and mitochondria has not been
investigated but may involve conformational changes in the factors that link Omp85 proteins to
the IM.

6. FUTURE OUTLOOK

Although the Omp85 superfamily was discovered many years ago, research on these proteins has
intensified recently. The renewed interest in these proteins can be attributed both to technological
advances (e.g., in cryo-EM) that have significantly increased the feasibility of studying membrane
proteins and to an increased recognition of the fundamental importance of Omp85 proteins in
essential biological processes and in human health and disease. Although remarkable insights into
the function of the Omp85 superfamily have emerged over the past few years, a multitude of
questions remain. The role of accessory proteins in modulating the function of Omp85 proteins,
especially factors such as the essential BamD lipoprotein and the envelope-spanning TamB pro-
tein, is an enigma that should be the focus of future experiments. The degree to which BamA
(and perhaps TamA) is a multifunctional protein should also be further investigated by examining
the assembly of various OMPs in diverse bacterial species. To fully elucidate the mechanism by
which TpsB proteins, Toc75, and other Omp85 translocases promote protein export or import, it
would be useful to trap secretion/import intermediates that are analogous to the OMP assembly
intermediates that have proven to be of great value in clarifying the function of Omp85 insertases.
Because the low-resolution structures of the large TOC complexes were generated nearly 20 years
ago, it would also be exciting to reexamine these complexes using state-of-the-art cryo-EM meth-
ods to identify interactions between Toc75 molecules and accessory components. The energetics
of protein transport into and across the bacterial OM remains poorly understood, but evidence
published in 2022 that the membrane itself can, at least in part, power OMP folding should be
replicated by examining various OMPs in multiple organisms that inhabit different environments
that might affect the properties and/or composition of the OM. Furthermore, trans-envelope
Sec-BAM, TAM, and TIC-TOC supercomplexes have been only recently discovered and their
biological relevance should be further investigated with a particular focus on the possible role
of conformational changes in the IM components in providing energy across the periplasm (or
the IMS). Finally, there is a need to better understand the structural and functional differences
between bacterial Omp85 proteins (especially BamA) and human mitochondrial Sam50 to pro-
mote the rational design of highly specific antimicrobial therapeutics that do not interfere with
mitochondrial function.

It should of course also be of great interest to explore the functions of the families of Omp85
proteins that have not yet been characterized. At the moment, it is completely unclear why Omp85
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proteins that contain putative enzymatic domains, N-terminal lipid anchors, or nothing more than
a B-barrel have evolved. Resolving these mysteries will not only help define the functional range
of Omp85 proteins but also provide fascinating new insights into the properties of the Omp85
superfamily as a whole.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We apologize to all of the investigators whose work could not be appropriately cited owing to
space limitations. Our work is supported by the Intramural Research Program of the National
Institute of Diabetes and Digestive and Kidney Diseases.

LITERATURE CITED

1. Albenne C,Ieva R.2017.Job contenders: roles of the B-barrel assembly machinery and the translocation
and assembly module in autotransporter secretion. Mol. Microbiol. 106:505-17
2. Alsteens D, Martinez N, Jamin M, Jacob-Dubuisson F. 2013. Sequential unfolding of beta helical protein
by single-molecule atomic force microscopy. PLOS ONE 8:¢73572
3. Alvira S, Watkins DW, Troman L, Allen WJ, Lorriman JS, et al. 2020. Inter-membrane association of
the Sec and BAM translocons for bacterial outer-membrane biogenesis. eLife 9:e60669
4. Baud C, Guérin ], Petit E, Lesne E, Dupré E, et al. 2014. Translocation path of a substrate protein
through its Omp85 transporter. Nat. Commun. 5:5271
5. Benn G, Mikheyeva IV, Inns PG, Forster JC, Ojkic N, et al. 2021. Phase separation in the outer mem-
brane of Escherichia coli. PNAS 118:e2112237118
6. Bennion D, Charlson ES, Coon E, Misra R. 2010. Dissection of B-barrel outer membrane protein as-
sembly pathways through characterizing BamA POTRA 1 mutants of Escherichia coli. Mol. Microbiol.
77:1153-71
7. Chang J-S, Chen L-J, Yeh Y-H, Hsiao C-D, Li H-M. 2017. Chloroplast preproteins bind to the dimer
interface of the Toc159 receptor during import. Plant Physiol. 173:2148-62
8. Charlson ES, Werner JN, Misra R. 2006. Differential effects of yfgL. mutation on Escherichia coli outer
membrane proteins and lipopolysaccharide. 7. Bacteriol. 188:7186-94
9. Chen K-Y, Li H-M. 2007. Precursor binding to an 880-kDa Toc complex as an early step during active
import of protein into chloroplasts. Plant 7. 49:149-58
10. Chen Y-L, Chen L-J, Chu C-C, Huang P-K, Wen J-R, Li H-M. 2018. TIC236 links the outer and inner
membrane translocons of the chloroplast. Nature 564:125-29
11. Chou M-L, Fitzpatrick LM, Tu S-L, Budziszewski G, Potter-Lewis S, et al. 2003. Tic40, a membrane-
anchored co-chaperone homolog in the chloroplast protein translocon. EMBO . 22:2970-80
12. Clantin B, Delattre AS, Rucktooa P, Saint N, Méli AC, et al. 2007. Structure of the membrane protein
FhaC: a member of the Omp85-TpsB transporter superfamily. Science 317:957-61
13. Consoli E, Luirink J, den Blaauwen T. 2021. The Escherichia coli outer membrane p-barrel assembly
machinery (BAM) crosstalks with the divisome. Inz. 7. Mol. Sci. 22:12101
14. Curley CL, Fedrigoni TP, Flaherty EM, Woodilla CJ, Hagan CL. 2021. Bacterial contact-dependent
inhibition protein binds near the open lateral gate in BamA prior to toxin translocation. Biochemistry
60:2956-65
15. da Mata Madeira PV, Zouhir S, Basso P, Neves D, Laubier A, et al. 2016. Structural basis of lipid target-
ing and destruction by the type V secretion system of Pscudomonas aeruginosa. §. Mol. Biol. 428:1790-803
16. Diederichs KA, Buchanan SK, Botos I. 2021. Building better barrels - B-barrel biogenesis and insertion
in bacteria and mitochondria. 7. Mol. Biol. 433:166894

Doyle o Bernstein



17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Diederichs KA, Ni X, Rollauer SE, Botos I, Tan X, et al. 2020. Structural insight into mitochondrial
p-barrel outer membrane protein biogenesis. Nat. Commun. 11:3290

Doerner PA, Sousa MC. 2017. Extreme dynamics in the BamA B-barrel seam. Biochemistry 56:3142-49
Doyle MT, Bernstein HD. 2019. Bacterial outer membrane proteins assemble via asymmetric interac-
tions with the BamA B-barrel. Nat. Commun. 10:3358

Doyle MT, Bernstein HD. 2021. BamA forms a translocation channel for polypeptide export across the
bacterial outer membrane. Mol. Cell 81:2000-12.¢3

Doyle MT, Jimah JR, Dowdy T, Ohlemacher SI, Larion M, et al. 2022. Cryo-EM structures reveal
multiple stages of bacterial outer membrane protein folding. Ce// 185:1143-56

Flores-Pérez U, Jarvis P.2013. Molecular chaperone involvement in chloroplast protein import. Biochim.
Biophys. Acta Mol. Cell Res. 1833:332-40

Ganesan I, Shi LX, Labs M, Theg SM. 2018. Evaluating the functional pore size of chloroplast TOC
and TIC protein translocons: import of folded proteins. Plant Cell 30:2161-73

Ganesan I, Theg SM. 2019. Structural considerations of folded protein import through the chloroplast
TOC/TIC translocons. FEBS Lett. 593:565-72

Gentle IE, Burri L, Lithgow T. 2005. Molecular architecture and function of the Omp85 family of
proteins. Mol. Microbiol. 58:1216-25

Germany EM, Ding Y, Imai K, Bamert RS, Dunstan RA, et al. 2021. Discovery of a conserved rule
behind the assembly of B-barrel membrane proteins. bioRxiv 466387. https://doi.org/10.1101/2021.
10.29.466387

Gessmann D, Chung YH, Danoff EJ, Plummer AM, Sandlin CW, et al. 2014. Outer membrane B-barrel
protein folding is physically controlled by periplasmic lipid head groups and BamA. PNAS 111:5878-83
Gross LE, Klinger A, Spies N, Ernst T, Flinner N, et al. 2021. Insertion of plastidic B-barrel proteins
into the outer envelopes of plastids involves an intermembrane space intermediate formed with Toc75-
V/OEP80. Plant Cell 33:1657-81

Gruss F, Zahringer F, Jakob RP, Burmann BM, Hiller S, Maier T. 2013. The structural basis of auto-
transporter translocation by TamA. Nat. Struct. Mol. Biol. 20:1318-20

GuY,LiH,Dong H, Zeng Y, Zhang Z, et al. 2016. Structural basis of outer membrane protein insertion
by the BAM complex. Nature 531:64-69

Guérin J, Baud C, Touati N, Saint N, Willery E, et al. 2014. Conformational dynamics of protein trans-
porter FhaC: large-scale motions of plug helix. Mol. Microbiol. 92:1164-76

Guérin J, Bigot S, Schneider R, Buchanan SK, Jacob-Dubuisson F. 2017. Two-partner secretion: com-
bining efficiency and simplicity in the secretion of large proteins for bacteria-host and bacteria-bacteria
interactions. Front. Cell Infect. Microbiol. 7:148

Guérin ], Botos I, Zhang Z, Lundquist K, Gumbart JC, Buchanan SK. 2020. Structural insight into toxin
secretion by contact-dependent growth inhibition transporters. eLife 9:¢58100

Guérin J, Saint N, Baud C, Méli AC, Etienne E, et al. 2015. Dynamic interplay of membrane-proximal
POTRA domain and conserved loop L6 in Omp85 transporter FhaC. Mol. Microbiol. 98:490-501
Gunasinghe SD, Shiota T, Stubenrauch CJ, Schulze KE, Webb CT, et al. 2018. The WDA40 protein
BamB mediates coupling of BAM complexes into assembly precincts in the bacterial outer membrane.
Cell Rep. 23:2782-94

Hagan CL, Kim S, Kahne D. 2010. Reconstitution of outer membrane protein assembly from purified
components. Science 328:890-92

Hagan CL, Wzorek JS, Kahne D. 2015. Inhibition of the p-barrel assembly machine by a peptide that
binds BamD. PNAS 112:2011-16

Hart EM, Mitchell AM, Konovalova A, Grabowicz M, Sheng J, et al. 2019. A small-molecule inhibitor
of BamA impervious to efflux and the outer membrane permeability barrier. PNAS 116:21748-57
Heinz E, Lithgow T. 2014. A comprehensive analysis of the Omp85/T'psB protein superfamily structural
diversity, taxonomic occurrence, and evolution. Front. Microbiol. 5:370

Heinz E, Selkrig J, Belousoff MJ, Lithgow T. 2015. Evolution of the translocation and assembly module
(TAM). Genome Biol. Evol. 7:1628-43

www.annualreviews.org o Function of the Omp85 Superfamily

275


https://doi.org/10.1101/2021.10.29.466387

276

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Heinz E, Stubenrauch CJ, Grinter R, Croft NP, Purcell AW, et al. 2016. Conserved features in the
structure, mechanism, and biogenesis of the inverse autotransporter protein family. Genome Biol. Evol.
8:1690-705

Hinnah SC, Hill K, Wagner R, Schlicher T, Soll J. 1997. Reconstitution of a chloroplast protein import
channel. EMBO 7. 16:7351-60

Hinnah SC, Wagner R, Sveshnikova N, Harrer R, Soll J. 2002. The chloroplast protein import channel
Toc75: pore properties and interaction with transit peptides. Biophys. 7. 83:899-911

. Hodak H, Clantin B, Willery E, Villeret V, Locht C, Jacob-Dubuisson F. 2006. Secretion signal of the

filamentous haemagglutinin, a model two-partner secretion substrate. Mol. Microbiol. 61:368-82

Hohr AIC, Lindau C, Wirth C, Qiu J, Stroud DA, et al. 2018. Membrane protein insertion through a
mitochondrial B-barrel gate. Science 359:eaah6834

Hoppins SC, Nargang FE. 2004. The Tim8-Tim13 complex of Neurospora crassa functions in the assem-
bly of proteins into both mitochondrial membranes. 7. Biol. Chem. 279:12396-405

Horne JE, Brockwell DJ, Radford SE. 2020. Role of the lipid bilayer in outer membrane protein folding
in gram-negative bacteria. 7. Biol. Chem. 295:10340-67

Hussain S, Peterson JH, Bernstein HD. 2020. Bam complex-mediated assembly of bacterial outer mem-
brane proteins synthesized in an in vitro translation system. Sci. Rep. 10:4557

Tadanza MG, Higgins AJ, Schiffrin B, Calabrese AN, Brockwell D], et al. 2016. Lateral opening in the
intact B-barrel assembly machinery captured by cryo-EM. Nat. Commun. 7:12865

Tadanza MG, Schiffrin B, White P, Watson MA, Horne JE, et al. 2020. Distortion of the bilayer and
dynamics of the BAM complex in lipid nanodiscs. Commun. Biol. 3:766

Ieva R, Skillman KM, Bernstein HD. 2008. Incorporation of a polypeptide segment into the f-domain
pore during the assembly of a bacterial autotransporter. Mol. Microbiol. 67:188-201

Imai K, Fujita N, Gromiha MM, Horton P. 2011. Eukaryote-wide sequence analysis of mitochondrial
B-barrel outer membrane proteins. BMC Genom. 12:79

Imai Y, Meyer K]J, Linishi A, Favre-Godal Q, Green R, et al. 2019. A new antibiotic selectively kills
gram-negative pathogens. Nature 576:459-64

Inaba T, Li M, Alvarez-Huerta M, Kessler F, Schnell DJ. 2003. atTic110 functions as a scaffold for
coordinating the stromal events of protein import into chloroplasts. 7. Biol. Chem. 278:38617-27

Inoue H, Li M, Schnell DJ. 2013. An essential role for chloroplast heat shock protein 90 (Hsp90C) in
protein import into chloroplasts. PNAS 110:3173-78

Igbal H, Kenedy MR, Lybecker M, Akins DR. 2016. The TamB ortholog of Borrelia burgdorferi interacts
with the B-barrel assembly machine (BAM) complex protein BamA. Mol. Microbiol. 102:757-74
Ishikawa D, Yamamoto H, Tamura Y, Moritoh K, Endo T. 2004. Twvo novel proteins in the mitochondrial
outer membrane mediate B-barrel protein assembly. 7. Cell Biol. 166:621-27

Jacob-Dubuisson F, Locht C, Antoine R. 2001. Two-partner secretion in gram-negative bacteria: a
thrifty, specific pathway for large virulence proteins. Mol. Microbiol. 40:306-13

Josts I, Stubenrauch CJ, Vadlamani G, Mosbahi K, Walker D, et al. 2017. The structure of a conserved
domain of TamB reveals a hydrophobic B taco fold. Structure 25:1898-906.¢5

Junker M, Schuster CC, McDonnell AV, Sorg KA, Finn MC, et al. 2006. Pertactin p-helix folding
mechanism suggests common themes for the secretion and folding of autotransporter proteins. PNAS
103:4918-23

Kang’ethe W, Bernstein HD. 2013. Charge-dependent secretion of an intrinsically disordered protein
via the autotransporter pathway. PNAS 110:E4246-55

Kang’ethe W, Bernstein HD. 2013. Stepwise folding of an autotransporter passenger domain is not
essential for its secretion. 7. Biol. Chem. 288:35028-38

Kaur H, Jakob RP, Marzinek JK, Green R, Imai Y, et al. 2021. The antibiotic darobactin mimics a
B-strand to inhibit outer membrane insertase. Nature 593:125-29

Kikuchi S, Hirohashi T, Nakai M. 2006. Characterization of the preprotein translocon at the outer
envelope membrane of chloroplasts by blue native PAGE. Plant Cell Physiol. 47:363-71

Kim S, Malinverni JC, Sliz P, Silhavy TJ, Harrison SC, Kahne D. 2007. Structure and function of an
essential component of the outer membrane protein assembly machine. Science 317:961-64

Doyle o Bernstein



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Konovalova A, Kahne DE, Silhavy TJ. 2017. Outer membrane biogenesis. Annu. Rev. Microbiol. 71:539—
56

Kovacheva S, Bedard J, Wardle A, Patel R, Jarvis P. 2007. Further in vivo studies on the role of the
molecular chaperone, Hsp93, in plastid protein import. Plant 7. 50:364-79

Kutik S, Stojanovski D, Becker L, Becker T, Meinecke M, et al. 2008. Dissecting membrane insertion
of mitochondrial B-barrel proteins. Ce// 132:1011-24

Lauber F, Deme JC, Lea SM, Berks BC. 2018. Type 9 secretion system structures reveal a new protein
transport mechanism. Nazure 564:77-82

Lee J, Sutterlin HA, Wzorek JS, Mandler MD, Hagan CL, et al. 2018. Substrate binding to BamD
triggers a conformational change in BamA to control membrane insertion. PNAS 115:2359-64

Lee ], Tomasek D, Santos TM, May MD, Meuskens I, Kahne D.2019. Formation of a B-barrel membrane
protein is catalyzed by the interior surface of the assembly machine protein BamA. eLife 8:49787
Lessen HJ, Fleming PJ, Fleming KG, Sodt AJ. 2018. Building blocks of the outer membrane: calculating
a general elastic energy model for p-barrel membrane proteins. 7. Chem. Theory Comput. 14:4487-97
LiuJ, Gumbart JC. 2020. Membrane thinning and lateral gating are consistent features of BamA across
multiple species. PLOS Comput. Biol. 16:1008355

Liu L, McNeilage RT, Shi LX, Theg SM. 2014. ATP requirement for chloroplast protein import is set
by the K, for ATP hydrolysis of stromal Hsp70 in Physcomitrella patens. Plant Cell 26:1246-55
Lundquist K, Bakelar J, Noinaj N, Gumbart JC. 2018. C-terminal kink formation is required for lateral
gating in BamA. PNAS 115:E7942-49

Luther A, Urfer M, Zahn M, Miiller M, Wang SY, et al. 2019. Chimeric peptidomimetic antibiotics
against gram-negative bacteria. Nature 576:452-58

Maier T, Clantin B, Gruss F, Dewitte F, Delattre AS, et al. 2015. Conserved Omp85 lid-lock structure
and substrate recognition in FhaC. Nat. Commun. 6:7452

Malinverni JC, Werner J, Kim S, Sklar JG, Kahne D, et al. 2006. YfiO stabilizes the YaeT complex and
is essential for outer membrane protein assembly in Escherichia coli. Mol. Microbiol. 61:151-64

Matano LM, Coyne M], Garcia-Bayona L, Comstock LE. 2021. Bacteroidetocins target the essential
outer membrane protein BamA of Bacteroidales symbionts and pathogens. 72Bio 12:¢0228521

Nikaido H, Vaara M. 1985. Molecular basis of bacterial outer membrane permeability. Microbiol. Rev.
49:1-32

Noinaj N, Kuszak AJ, Balusek C, Gumbart JC, Buchanan SK. 2014. Lateral opening and exit pore for-
mation are required for BamA function. Structure 22:1055-62

Noinaj N, Kuszak AJ, Gumbart JC, Lukacik P, Chang H, et al. 2013. Structural insight into the biogen-
esis of B-barrel membrane proteins. Nature 501:385-90

Oliver DC, Huang G, Nodel E, Pleasance S, Fernandez RC. 2003. A conserved region within the Bor-
detella pertussis autotransporter BrkA is necessary for folding of its passenger domain. Mol. Microbiol.
47:1367-83

O’Neil PK, Richardson LGL, Paila YD, Piszczek G, Chakravarthy S, et al. 2017. The POTRA domains
of Toc75 exhibit chaperone-like function to facilitate import into chloroplasts. PNAS 114:E4868-76
Paschen SA, Waizenegger T, Stan T, Preuss M, Cyrklaff M, et al. 2003. Evolutionary conservation of
biogenesis of B-barrel membrane proteins. Nature 426:862-66

Patel R, Hsu SC, Bedard J, Inoue K, Jarvis P. 2008. The Omp85-related chloroplast outer envelope
protein OEPS80 is essential for viability in Arabidopsis. Plant Physiol. 148:235-45

Pautsch A, Schulz GE. 1998. Structure of the outer membrane protein A transmembrane domain. Nat.
Struct. Biol. 5:1013-17

Peterson JH, Hussain S, Bernstein HD. 2018. Identification of a novel post-insertion step in the assembly
of a bacterial outer membrane protein. Mol. Microbiol. 110:143-59

Peterson JH, Tian P, Ieva R, Dautin N, Bernstein HD. 2010. Secretion of a bacterial virulence factor is
driven by the folding of a C-terminal segment. PNAS 107:17739-44

Qiu J, Wenz LS, Zerbes RM, Oeljeklaus S, Bohnert M, et al. 2013. Coupling of mitochondrial import
and export translocases by receptor-mediated supercomplex formation. Cel/ 154:596-608

Rassam P, Copeland NA, Birkholz O, Téth C, Chavent M, et al. 2015. Supramolecular assemblies un-
derpin turnover of outer membrane proteins in bacteria. Nature 523:333-36

www.annualreviews.org o Function of the Omp85 Superfamily

277



278

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Ricci DP, Hagan CL, Kahne D, Silhavy TJ. 2012. Activation of the Escherichia coli B-barrel assembly
machine (Bam) is required for essential components to interact properly with substrate. PNAS 109:3487—
91

Richardson LGL, Small EL, Inoue H, Schnell DJ. 2018. Molecular topology of the transit peptide during
chloroplast protein import. Plant Cell 30:1789-806

Rojas ER, Billings G, Odermatt PD, Auer GK, Zhu L, et al. 2018. The outer membrane is an essential
load-bearing element in gram-negative bacteria. Nature 559:617-21

Salacha R, Kovaci¢ F, Brochier-Armanet C, Wilhelm S, Tommassen J, etal. 2010. The Pseudomonas aerug-
inosa patatin-like protein PlpD is the archetype of a novel type V secretion system. Environ. Microbiol.
12:1498-512

Sénchez-Pulido L, Devos D, Genevrois S, Vicente M, Valencia A. 2003. POTRA: a conserved domain
in the FtsQ family and a class of B-barrel outer membrane proteins. Trends Biochem. Sci. 28:523-26
Sauri A, Soprova Z, Wickstrom D, de Gier JW, Van der Schors RC, et al. 2009. The Bam (Omp85)
complex is involved in secretion of the autotransporter haemoglobin protease. Microbiology 155:3982-91
Schiffrin B, Brockwell DJ, Radford SE. 2017. Outer membrane protein folding from an energy landscape
perspective. BMC Biol. 15:123

Schleiff E, Soll J, Kiichler M, Kiihlbrandt W, Harrer R. 2003. Characterization of the translocon of the
outer envelope of chloroplasts. 7. Cell Biol. 160:541-51

Schulz GE. 2000. B-Barrel membrane proteins. Curr: Opin. Struct. Biol. 10:443-47

Selkrig J, Belousoff MJ, Headey SJ, Heinz E, Shiota T, et al. 2015. Conserved features in TamA enable
interaction with TamB to drive the activity of the translocation and assembly module. Sci. Rep. 5:12905
Selkrig J, Mosbahi K, Webb CT, Belousoff M], Perry A]J, et al. 2012. Discovery of an archetypal protein
transport system in bacterial outer membranes. Nat. Struct. Mol. Biol. 19:506-10

Shen H-H, Leyton DL, Shiota T, Belousoff MJ, Noinaj N, et al. 2014. Reconstitution of a nanomachine
driving the assembly of proteins into bacterial outer membranes. Nat. Commun. 5:5078

Shi LX, Theg SM. 2013. The chloroplast protein import system: from algae to trees. Biochim. Biophys.
Acta Mol. Cell Res. 1833:314-31

Sikdar R, Peterson JH, Anderson DE, Bernstein HD. 2017. Folding of a bacterial integral outer mem-
brane protein is initiated in the periplasm. Nat. Commun. 8:1309

Sklar JG, Wu T, Gronenberg LS, Malinverni JC, Kahne D, Silhavy TJ. 2007. Lipoprotein SmpA is
a component of the YaeT complex that assembles outer membrane proteins in Escherichia coli. PNAS
104:6400-5

Sklar JG, Wu T, Kahne D, Silhavy TJ. 2007. Defining the roles of the periplasmic chaperones SurA,
Skp, and DegP in Escherichia coli. Genes Dev. 21:2473-84

Sommer MS, Daum B, Gross LE, Weis BL, Mirus O, et al. 2011. Chloroplast Omp85 proteins change
orientation during evolution. PNAS 108:13841-46

Stegmeier JF, Gliick A, Sukumaran S, Mintele W, Andersen C.2007. Characterisation of YtfM, a second
member of the Omp85 family in Escherichia coli. Biol. Chem. 388:37-46

Storek KM, Auerbach MR, Shi H, Garcia NK, Sun D, et al. 2018. Monoclonal antibody targeting the
B-barrel assembly machine of Escherichia coli is bactericidal. PNAS 115:3692-97

Storek KM, Vij R, Sun D, Smith PA, Koerber JT, Rutherford ST. 2019. The Escherichia coli B-barrel as-
sembly machinery is sensitized to perturbations under high membrane fluidity. 7. Bacteriol. 201:e00517-
18

Struyve M, Moons M, Tommassen J. 1991. Carboxy-terminal phenylalanine is essential for the correct
assembly of a bacterial outer-membrane protein. 7. Mol. Biol. 218:141-48

Stubenrauch C, Belousoff MJ, Hay ID, Shen H-H, Lillington J, etal. 2016. Effective assembly of fimbriae
in Escherichia coli depends on the translocation assembly module nanomachine. Nar. Microbiol. 1:16064
Stubenrauch CJ, Lithgow T. 2019. The TAM: a translocation and assembly module of the B-barrel as-
sembly machinery in bacterial outer membranes. EcoSa/ Plus 8(2). https://doi.org/10.1128/ecosalplus.
ESP-0036-2018

Sun J, Rutherford ST, Silhavy T], Huang KC. 2021. Physical properties of the bacterial outer membrane.
Nat. Rev. Microbiol. https://doi.org/10.1038/s41579-021-00638-0

Doyle o Bernstein


https://doi.org/10.1128/ecosalplus.ESP-0036-2018
https://doi.org/10.1038/s41579-021-00638-0

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Takeda H, Tsutsumi A, Nishizawa T, Lindau C, Busto JV, et al. 202 1. Mitochondrial sorting and assembly
machinery operates by p-barrel switching. Nature 590:163—-69

Tomasek D, Rawson S, Lee J, Wzorek JS, Harrison SC, et al. 2020. Structure of a nascent membrane
protein as it folds on the BAM complex. Nature 583:473-78

Torres VVL, Heinz E, Stubenrauch CJ, Wilksch JJ, Cao H, et al. 2018. An investigation into the Omp85
protein BamK in hypervirulent Klebsiella pneumoniae, and its role in outer membrane biogenesis. Mol.
Microbiol. 109:584-99

Voulhoux R, Bos MP, Geurtsen J, Mols M, Tommassen J. 2003. Role of a highly conserved bacterial
protein in outer membrane protein assembly. Science 299:262-65

Wang Q, Guan Z, Qi L, Zhuang J, Wang C, et al. 2021. Structural insight into the SAM-mediated
assembly of the mitochondrial TOM core complex. Science 373:1377-81

Wang X, Peterson JH, Bernstein HD. 2021. Bacterial outer membrane proteins are targeted to the Bam
complex by two parallel mechanisms. 72Bio 12:¢00597-21

Warner LR, Gatzeva-Topalova PZ, Doerner PA, Pardi A, Sousa MC. 2017. Flexibility in the periplasmic
domain of BamA is important for function. Structure 25:94-106

White P, Haysom SF, Iadanza MG, Higgins AJ, Machin JM, et al. 2021. The role of membrane desta-
bilisation and protein dynamics in BAM catalysed OMP folding. Nat. Commun. 12:4174

Wiedemann N, Kozjak V, Chacinska A, Schonfisch B, Rospert S, et al. 2003. Machinery for protein
sorting and assembly in the mitochondrial outer membrane. Nature 424:565-71

Wiedemann N, Truscott KN, Pfannschmidt S, Guiard B, Meisinger C, Pfanner N. 2004. Biogenesis
of the protein import channel Tom40 of the mitochondrial outer membrane: Intermembrane space
components are involved in an early stage of the assembly pathway. 7. Biol. Chem. 279:18188-94
Wiesemann K, Simm S, Mirus O, Ladig R, Schleiff E. 2019. Regulation of two GTPases Toc159 and
Toc34 in the translocon of the outer envelope of chloroplasts. Biochim. Biophys. Acta Proteins Proteom.
1867:627-36

Wilson MM, Anderson DE, Bernstein HD. 2015. Analysis of the outer membrane proteome and secre-
tome of Bacteroides fragilis reveals a multiplicity of secretion mechanisms. PLOS ONE 10:¢0117732

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

Yuan X, Johnson MD, Zhang J, Lo AW, Schembri MA, et al. 2018. Molecular basis for the folding of
B-helical autotransporter passenger domains. Nat. Commun. 9:1395

www.annualreviews.org o Function of the Omp85 Superfamily

279



