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Abstract

The hallmark of Gram-negative bacteria and organelles such as mitochondria and chloroplasts is
the presence of an outer membrane (OM). In bacteria such as £scherichia coli, the OM is a unique
asymmetric lipid bilayer with lipopolysaccharide (LPS) in the outer leaflet. Integral,
transmembrane proteins assume a B-barrel structure (OMPSs) and their assembly is catalyzed by
the heteropentomeric Bam complex containing the OMP BamA and four lipoproteins, BamB-E.
How the Bam complex assembles a great diversity of OMPs into a membrane without an obvious
energy source is a particularly challenging problem because folding intermediates are predicted to
be unstable in either an aqueous or a hydrophobic environment. Two models have been put
forward, the budding model based largely on structural data, and the BamA-assisted model based
on genetic and biochemical studies. Here we offer a critical discussion of the pros and cons of
each.
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1. Introduction

The defining feature of Gram-negative bacteria such as Escherichia coliis the presence of an
outer membrane (OM) (Figure 1). The OM is an essential organelle that acts as a selective
permeability barrier protecting the cell from harmful chemicals, including detergents and
antibiotics (66). The OM is an asymmetric bilayer with phospholipids in the inner leaflet and
lipopolysaccharide (LPS) in the outer leaflet. Like other biological membranes, the
hydrophobic core of the OM, composed of phospholipids and the lipid A part of LPS,
prevents penetration of the polar solutes. However, unlike other biological membranes, the
OM also excludes hydrophobic compounds and this function is mediated by the
carbohydrate chains of LPS. These sugar chains not only create a polar mesh around the cell
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limiting accessibility of the hydrophobic compounds to the lipid core but also enable strong
lateral interactions between phosphorylated sugar residues that are bridged with divalent
cations to seal the OM.

Nearly all of the integral OM proteins are p-barrel proteins, also known as OMPs. Some
OMPs function as passive diffusion channels (porins), others are specific nutrient importers,
only two are known to play an essential role in OM biogenesis. The peripheral OM proteins
are lipoproteins anchored to the OM by covalently attached N-terminal lipid tails. A few
lipoproteins play essential roles in OM biogenesis or peptidoglycan synthesis, others sense
envelope stress, but the function of most of the OM lipoproteins remains unknown.

OM biogenesis is complex (Fig. 1). Biosynthesis of each of the components and their
transport to and insertion into the OM has to be coordinated with the cell growth and
accomplished without compromising the barrier function of the OM. Moreover, the cell
must overcome the obstacles of translocating the hydrophobic components of the OM across
the cytoplasmic or inner membrane (IM) and transporting them across the aqueous
periplasmic space between the OM and the IM. While transport across the IM, and, in the
case of lipoproteins and LPS, release from the IM is energy —dependent, transport across the
periplasm and insertion into the OM presents special challenges as there is no ATP outside
the cytoplasm and no useful ion gradient across the OM. For LPS, this transport is achieved
in a process analogous to a PEZ candy dispenser, in which an LPS molecule, newly released
from the IM using the energy of ATP, pushes the previous molecules across the periplasmic
bridge of the Lpt complex and through the OM translocon onto the cell surface (69) (Fig. 1).
Proteins other the other hand, traverse the periplasm bound to soluble chaperones, LolA in
the case of lipoproteins (97), or a network of somewhat redundant chaperones such a SurA,
Skp, DegP and FkpA for OMPs (84; 88). Chaperones deliver their substrates to the OM
acceptors, LolB (61) and the B-barrel assembly machine, the Bam complex, which facilitate
their insertion into the OM (32; 87; 94) (Fig. 1). Although the LPS, lipoprotein and OMP
assembly pathways are distinct, they display interdependence, as the LptD/LptE transclocon
and the Bam complex contain both B-barrel and lipoproteins (Fig. 1).

Although the Lol pathway, which delivers Lipoproteins to the OM has been well-studied, the
final topology of lipoproteins cannot be easily predicted; they can face either the periplasm
or the extracellular milieu or they can adopt a transmembrane topology and this final step in
lipoprotein biogenesis is the least characterized (53). In contrast, the topology of p-barrels
can be easily predicted due to the p-strands with their alternating hydrophobic and polar
amino acids (30). These B-strands are arranged in antiparallel fashion into a g-sheet, which
is wrapped to form a cylinder by establishing hydrogen bonds between the first and the last
B-strands and this interaction is referred as the seam. In the final structure, polar amino acids
line barrel interior, hydrophobic amino acids face the barrel exterior and interact with the
OM lipid core, and the N- and C-termini face the periplasm. Although all OMPs feature
such a cylindrical structure, they are quite diverse in their size and domain architecture. The
size of B-barrels vary between 8 (OmpX, the smallest known (92)) and 26 (LptD, the largest
known, (18; 74)) B-strands. Some OMPs can multimerize into dimers (PIdA (89)) or trimers
(OmpF/C, LamB, (3; 83; 98)) or form a single composite barrel made up of three subunits
(TolC(54)) or as many as nine subunites (CsgG). Some OMPs feature large surface exposed
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loops and additional periplasmic (e.g. OmpA (41; 70)), or lumen-occluding plug domains
(TonB-dependent transporters, e.g. FhuA (23)); some exist in complexes with lipoproteins
(LptD with LptE (12) and OmpA/C/F with RcsF (51)). Despite the diversity, all OMPs are
assembled by the Bam complex, highlighting the remarkable versatility of this cellular
machine.

2. Overall architecture of the Bam complex

The Bam complex consists of five proteins (87; 94) (Fig. 2A). BamA is itself a B-barrel but
also contains five periplasmic POTRA (polypeptide transport—associated) domains, which
scaffold four lipoproteins, B-E. BamA and BamD are the essential core components and are
conserved throughout bacteria (59; 94). BamB, C, and E are present in some but not all
species, suggesting they play an accessory role in the B-barrel assembly pathway. The
crystal structure of all individual components and their combinations, including the crystal
and cryo-EM structures of the full pentameric complex are now available (1; 2; 17; 21; 31;
35; 37; 4244, 49; 65; 68; 82). Despite the recent advances in the structural biology of the
Bam complex, the mechanism of the B-barrel assembly pathway remains largely unknown.

Because BamA contains a transmembrane p-barrel domain, BamA is believed to play a
central role in the assembly and insertion of the incoming p-barrel substrate into the OM.
The barrel domain of BamA consists of 16-stranded p-sheet enclosing a large water filled
lumen (1; 65; 68) (Fig. 2A and B). Extracellular loops of BamA form a dome on top of
BamA, enclosing the barrel from the top and preventing solute passage through the BamA
pore. Extracellular loop (eL) 6 partially inserts inside the lumen and interacts with B-strands
14-16. The barrel itself displays two intriguing features (Fig. 2A and B). One is that the
height of the BamA barrel, dictated by the membrane-spanning hydrophobic belt, is
significantly shorter proximal to the seam at only 9-12 A compared to 20 A on the opposite
side of the barrel. The second is that the seam displays poor hydrogen bonding between the
first and the last barrel p-strands. Both of these features will be discussed below in light of
proposed mechanisms of BamA function.

The periplasmic domain of BamA consists of five POTRA domains, P1-5 (26; 27; 45) (Fig.
2A). Although the POTRA domains do not share high degree sequence similarity, they
display a conserved structural fold, comprising of a pair of antiparallel helices covering a
three-stranded p sheet. Despite having highly similar structures, the POTRA domains are
functionally distinct. P5 provides an interaction interface between BamA and BamCDE
subcomplex (45), while P3 is important for BamA interaction with BamB and P1 is
important for BamA interaction with a chaperone SurA (93). Although P1 and P2 are
important for BamA function, deletion of P1-2 is not lethal; the remaining POTRA domains
are essential (45).

The structure of the Bam complex revealed that the POTRA domains of BamA do not
simply hang in the periplasm, but together with Bam lipoproteins form a ring-like structure
which is predicted to lay parallel to the membrane plane (2; 31; 35; 37) (Fig. 2A). Molecular
dynamic (MD) simulations of the BamA in the membrane releveled that all five POTRA
domains have high affinity for the membrane, and establish multiple hydrogen bonds with
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phospholipid head groups and partition directly into the membrane via highly conserved
tryptophan residues (25). Partitioning of these tryptophans into the detergent micelle was
later observed in the cryo-EM structure of the Bam complex (37). The same structure also
revealed that the Bam lipoproteins also intercalated into the micelle via N-terminal residues
in the case of BamB and E and the hydrophobic loop of BamD (37). Despite overall
similarity in the periplasmic ring architecture, all of the structures vary significantly in the
orientation of the periplasmic ring relatively to BamA barrel. It is not clear, which one of
these orientations, if any, represent /n7 vivo state of the Bam complex. It is possible that
interaction of the ring with the membrane and/or a substrate would limit its flexibility
towards a particular orientation. Alternatively, the ring may sample several alternative
conformations during the assembly process.

The periplasmic ring occludes the cavity, and the POTRA domains and BamD make up its
inner surface (2; 31; 35; 37) (Fig. 2A). BamA interaction with BamD is mediated primarily
through P5. Although some interaction between BamD and P2 was also observed, it is
unlikely to have functional significance, because deletion of P5 or a disruption of a single
salt bridge in P5/BambD interface is sufficient to fully separate BamCDE and BamAB
subcomplexes (45; 75).

BambD is a central and essential component of the Bam complex (59). One of the functions
of BamD is a substrate recognition (34). BamD binds unfolded OMP substrates, and the
binding site lays within the C-terminal OMP sequences which closely resembles the
mitochondrial B signal (33; 34). The B signal targets mitochondrial OMPs to a homologous
Sam complex, and the BamD analog, Sam35, is involved in this recognition (55). Ability to
recognize the substrates is an essential function of BamD, and the peptides containing the B
signal, which bind BamD, are toxic because they inhibit g barrel assembly (34). However,
the function of BamD is not limited to the initial substrate recognition, because BamD
remains closely associated with the substrate throughout entire OMP assembly and must
play an active role during this process (40; 56). One of these roles is to regulate BamA
conformational cycling through the direct interaction with P5 (see BamA conformational
mobility section for more details) (75; 76). This direct interaction allows both proteins
coordinate their activities during the OMP assembly. However, the requirement for this
direct and stable interaction can be bypassed by introducing activating mutations in both
bamA and bamD, which allows both proteins work in concert but independently of each
other (75).

The function of non-essential lipoproteins is even more elusive. BamB interacts with BamA
directly via P3, while BamE and BamC interact primary with BamD and likely modulate
BamD interactions with the substrate and BamA. Loss of bamE or bamC does not confer
general OMP assembly defect, but bamE alters BamA conformation in a manner similar to
an activating mutation in bamD (76; 77; 87). Several lines of evidence suggest that although
non-essential, these lipoproteins may be required for assembly of specific substrates. For
example, assembly of large, difficult substrates (such as LptD, TolC, autotransporters) is not
affected by single mutations in non-essential components, (10; 58; 78). In contrast, deletion
of bamB strongly affects high volume trimeric substrates, such as porins and the
maltodextrin transporter LamB (10). Deletion of bamE does not affect assembly of any
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single OMP but is required for assembly of RcsF/OMP complexes (50). Because these Bam
substrates are so structurally diverse, their assembly may require specialized activities of the
Bam complex. Bam lipoproteins may either directly perform these activities or enhance the

efficiency of BamAD core components towards specific substrates.

3. Models for the B-barrel assembly

Because a B-sheet is amphipathic, having a hydrophobic interface on one side and
hydrophilic on the other, B-barrels cannot be fully membrane integrated prior to seam
closure forming the cylinder. Hence, two models were proposed for how Bam functions
(Figure 3A). In the budding model, B-strands of an incoming OMP are templated at the open
BamA seam forming a hybrid BamA/OMP barrel, and once all p-strands are formed, the
new barrel closes and buds off the BamA into the OM. In the BamA assisted model, p-barrel
folding begins on the periplasmic side of the OM and is integrated as one unit into the OM
by the Bam complex. While several lines of in vitroand in vivo evidence exist to support the
BamA assisted model, there is no direct exprimental evidence for the budding model, but it
has recently been revitalized after crystallographic observation of a BamA seam
configuration.

3.1 The budding model

Initial structures of the BamA barrel domain revealed poor hydrogen bond formation
between first and last p-strands (Fig. 2B) (68). This configuration of the seam was not
surprising because it has been known for a long time that the BamA barrel has the lowest
thermodynamic stability in comparison to other g-barrels (9). Barrel stability depends in
large part on the number of hydrogen bonds formed between B-strands, and this low BamA
stability with a melting temperature (Tm) around 37° C is intriguing, because it suggests that
the BamA barrel may be highly dynamic at this physiological temperature. Moreover,
several labs identified mutations in bamA, which destabilize the BamA barrel even further
(19; 90). This destabilization is evident by the change in BamA migration in semi-denatured
SDS-PAGE gels. The barrel of BamA WT like the barrels of other OMPs is resistant to SDS
denaturing unless heated and the folded form migrates faster than the unfolded protein in an
SDS-PAGE gel. Several mutations within the barrel domain result in the production of the
BamA protein that migrates like the unfolded protein in SDS-gels indicating that the BamA
barrel is SDS-sensitive without heat denaturing, demonstrating that the mutations alter the
conformation of the barrel domain. Although these mutant BamA proteins migrate as
unfolded proteins on SDS-PAGE, we will refer to this alternative conformation as “SDS-
labile” instead of “unfolded” to avoid confusion, as such mutant BamA proteins are fully
functional (19; 90).

Observation of a weakened BamA seam configuration led to the suggestion that BamA
barrel can open laterally exposing unpaired p strands in BamA (67) (Fig. 3A). This opening
would create sites for p-strand templating of an incoming OMP, which would get access to
the lateral gate by first being threaded through the lumen of BamA barrel. To demonstrate
the ability of BamA to open laterally MD simulation of BamA were performed in synthetic
lipids under conditions of elevated temperatures (65° C) (67; 68). This choice of temperature
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is particularly surprising knowing the low thermostability of the BamA barrel. When MD
simulations were repeated with BamA incorporated into the asymmetric lipid bilayer
resembling the £. co/i OM and under physiological temperatures, no lateral opening was
observed (25).

Later structures of the Bam complex confirmed the poor interaction between the strands of
the seam; however, the exact configuration of the seam varied, particularly in the
conformation and tilt of B16 (Fig. 2B) (2; 31; 35; 37). Gu et al, compared the structure of the
Bam complex with and without BamB and suggested that the BamA seam, instead of
opening/closing laterally, undergoes a scissor-like movement to change barrel conformation
from an inward (periplasmic)- to an outward open state and that BamB regulates this
confirmation change (31). Later a cryo-EM structure of the Bam complex showed a partially
open BamA barrel, and that this was the only state of BamA in the pentameric complex (37).

It is important to note, that all of the structures solved are of a detergent-solubilized BamA
and therefore, may not represent BamA in its native membrane environment. Since an
opened BamA barrel was observed in the absence of an OMP substrate, it is difficult to
imagine how such a BamA conformation would interact with the outer membrane. BamA
contains a large, water-filled cavity, and lateral opening of the barrel would expose it to the
hydrophobic core of the lipid bilayer. More explanation is needed for how such a
thermodynamically unfavorable conformation is achieved without an external energy source.

Perhaps the main argument used to support the budding model is the observation that strains
expressing BamA with the seam crosslinked by a disulfide bond are not viable (67) (Fig.
2B). While the result is interesting, this whole-cell based assay does not provide direct
evidence for a B-stand templating at the BamA seam, and it does not differentiate between
alternative explanations to as why Cys crosslinked BamA is not functional. For example,
this assay cannot differentiate between reduced kinetics and loss of function of BamA.
Indeed, /n vitro studies with purified proteins show that Cys crosslinked BamA shows
reduced kinetics and not loss of function (see below). Moreover, such crosslinking may
result in overall conformational changes of BamA barrel (compare the BamA structure in
“open” and “closed” conformation (Fig. 2B), or it may limit the mobility of BamA barrel
domain, including extracellular loops, preventing conformational changes of BamA during
the assembly process.

Reduced kinetics versus a loss of function—If BamA indeed opens laterally to
template B-strands, this function of BamA is expected to be essential. One the other hands,
even if the function of BamA is only partially compromised (e.g. due to changes in
conformational dynamics), it can also result in loss of viability because OMPs exist in large
excess (over one-hundred fold) to the Bam complexes and accumulation of unfolded OMPs
in the periplasm is toxic. This phenotype would be similar to the synthetic lethal phenotype
caused by loss of the non-essential components. For example, the presence of bamkE or
bamB is not required for viability, however, double deletion is lethal unless suppressor
mutations in bamA are present (90) or the oF envelope stress response is pre-activated or
kinetically enhanced to minimize periplasmic damage (52). Under these suppressed
conditions, the bamB bamE double mutant grows normally, suggesting that BamB and
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BamE do not perform an essential function but are rather required for the full efficiency of
the Bam machine. Recent studies have shown using an /n vitro system with OmpT as a
substrate that the Cys crosslinked BamA variant is still able to assemble OmpT into
proteoliposome but with reduced kinetics (37). This result is inconsistent with the budding
model, in which opening of the seam is expected to be fully required for B-barrel folding.

BamA conformational mobility—Several experimental studies provided strong of
evidence that BamA undergoes conformation changes during the assembly process that
involve functional communication between different domains of BamA, including the
POTRA domains, the barrel, and eL6, and that the Bam lipoproteins regulate such
conformational changes by direct interaction with the POTRA domains.

bamD_R197L is a gain of function mutation in bamD, which allows BamD to function
independently of its stable interaction with BamA (75). Interestingly, bamD_R197L biases
BamA to a conformation in which BamA barrel becomes sensitive to extracellular protease
and eL6 becomes accessible to a Mal-PEG labeling (76). The same phenotype, on the other
hand, is also conferred by a loss of function mutation in bamE demonstrating the opposite
role of BamE and BamD in regulating BamA conformation (76; 77). This result led to the
model in which BamA cycles between two alternative conformational states. While single
bameE or bamD_R197L mutations only bias BamA towards one of the conformations and do
not confer an OMP assembly defect, combination of the two result in a synthetic lethal
phenotype, suggesting that when BamA is arrested in one of the conformations, it is not
functional (76). BamD interacts with BamA through the P5 domain, and the salt bridge
between BamD_R197 and BamA_E373 residues is of particular importance (75). While the
bamA_E373K mutation is lethal due to the disruption of the BamA/D interaction,
bamA_E373A mutant is viable but displays the OM permeability indicative of a partial loss
of function in BamA. Importantly, a suppressor mutation of this phenotype mapped to the
eL6, supporting the functional communication between P5/BamD and eL6 (75). Since P5
and eL6 do not interact directly, it is likely that this communication is transduced through
the conformation change in the barrel itself.

The same functional connection is also evident from a suppressor analysis of bamA
mutations that disrupt the proper interaction of eL.6 with the barrel (19). These mutations,
bamA_R661G (in eL6) or bamA_D740G (in the barrel) result in an OM permeability
phenotype, and BamA accumulates in these strains as an SDS-labile form suggesting altered
conformation of BamA barrel domain. Several suppressor mutations in the barrel but also in
P5 were isolated. Interestingly, these suppressors restored OM permeability but did not
restore SDS-resistant conformation of the barrel, indicating that the SDS-labile form of
BamA is fully functional (19).

In a separate study, several bamA mutations that alter eL6 or the barrel domain where
isolated as suppressors of bamE bamB synthetic lethality (90). These mutations restored
OMP assembly and allowed growth of the bamE bamB strain at non-permissive temperature.
Several of these mutant BamAs also had different mobility on the SDS-PAGE suggesting
altered barrel conformation (25). These barrel and eL6 altering mutations, essentially confer
a gain of function phenotype bypassing the requirement for BamA communication with the
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periplasmic lipoproteins. One of the mutations, bamA_F494L, was later shown to also be a
partial bypass suppressor of bamD (63). Although bamD s still essential, it can be almost
completely depleted in bamA_F494L strain without affecting viability (63).

Restricting BamA flexibility by Cys crosslinking may affect different substrates differently.
While none of the B-barrels, except for BamA itself and LptD, are essential, an assembly
defect of a non-essential substrate may cause harmful effects if it accumulates at the Bam
complex and inhibits Bam activity. Therefore, it is critical to resolve the underlying defects
in the Cys-crosslinked BamA strains before drawing fundamental conclusions about the
importance of the lateral gate.

3.2. BamA assisted model

One of the features of p-barrel proteins is the unusually high free energy of folding, and p-
barrel proteins can spontaneously fold 7 vitro in the presence of a detergent or into thin lipid
bilayers (24; 46). Biophysical studies of such unassisted folding revealed a multi-step
process (36; 47; 48). First, an OMP binds to the membrane surface, and the secondary
structures start to form at the membrane interface. The OMP then goes through a transition
step, also referred as a molten globule, in which B-hairpins start to form and penetrate the
membrane in a coordinated manner. This process continues until the barrel is fully formed
and membrane integrated. Such spontaneous folding can only occur in thin membranes
made up by the short acyl chain lipids and at a temperature at or above phase transition,
demonstrating the requirement of a membrane defect for an insertion (15). Native £. coli
phospholipids, such as phosphoethanolamine (PE) and or phosphoglycerol (PG), do not
support spontaneous OMP folding and hence a model was proposed that the Bam complex
functions to reduce the kinetic barrier of membrane insertion by either creating a membrane
defect and/or stabilizing certain transition conformations of the OMP at the membrane (28).
Consistent with this, incorporation of BamA into the PE-based liposomes accelerates OMP
folding (28). Analysis of the rate of such BamA- assisted folding revealed that BamA does
not establish significant thermodynamic interactions with the substrates (72), and this
transient interaction is in contrast to what is expected from the budding model in which a
BamA/OMP hybrid barrel is formed.

The crystal structure of BamA revealed that the barrel domain is only 9-12 A thick next to
its seam suggesting that it may cause a membrane defect either by membrane thinning or by
a hydrophobic mismatch between the membrane and aromatic rings of the BamA barrel
(68). The thinning of the phospholipid bilayer was observed in BamA containing
proteoliposomes by electron microscopy (86). Such thinning can create a membrane defect
similar to what was observed in /in vitro studies with short-chain lipid containing vesicles.
However, the exact nature of such a membrane defect /n vivo is not understood. Recent MD
simulations of the full-length BamA and the cryo-EM structure of the Bam complex in a
detergent micelle suggested that Bam complex interactions with the OM are not limited to
the BamA barrel domain, but may also involve the POTRA domains and the Bam
lipoproteins (25; 37). Though the function of these interactions with the membrane is
currently unknown, it is possible that they contribute to the alteration of membrane
architecture around the Bam complex.
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The BamA-assisted model is based on the intrinsic properties of the p-barrels protein which
serve as a driving force for folding (thermodynamic pull) and the function of the Bam
complex is not to actively fold proteins per se but to reduce the activation energy for a
membrane insertion (kinetic push) (24) (Fig. 3A). Many aspects of this model have been
worked out /n vitro using biophysical methods, which allow tracking of the folding
intermediates and their membrane insertion. However, /n vitro studies are limited by
inability to reconstitute the LPS-containing asymmetric bilayer to resemble the OM, and
Bam-assisted folding has been reconstituted only for relatively simple monomeric
substrates. /nn vivo, characterization of the B-barrel assembly pathway is limited because it is
essential and cannot be significantly perturbed and assembly intermediates are short-lived,
making them difficult to characterize. However, /n vivo studies of complex, slow folding
substrates, such as LptD and EspP provided evidence that the f-barrel folding is initiated
and largely occurs in the periplasm/periplasmic side of the OM followed by the membrane
insertion (Fig. 3B and C). Thus, the available /n vivo evidence supports the BamA-assisted
model rather than the budding model.

4. Experimental evidence for B-barrel folding at the periplasmic side of the

OM

Studies with LptD—LptD is an essential OM component of the LPS translocon, which is
directly responsible for translocation of LPS molecules into the outer leaflet of the OM (95)
(Fig. 1). It is the largest p-barrel (26 strands) and it also contains an N-terminal periplasmic
domain (5; 12; 18; 74). LptD exists in 1:1 complex with lipoprotein LptE. LptE largely
resides inside the lumen of LptD forming an extensive network of site-specific contacts.
LptE serves three distinct functions: it is required for LptD assembly; it plugs large LptD
lumen so it cannot function as a pore and participates directly in LPS translocation (11; 29;
60). The LptD assembly pathway is very complex. Not only is LptD folded around its
partner LptE, but it also contains two non-consecutive disulfide bonds, which are formed
and rearranged during the LptD assembly process. There are two N-terminal cysteines, C31,
and C173 and two C-terminal cysteines, C724 and C725. Upon secretion in the periplasm,
the N-terminal Cys residues form a consecutive disulfide bond, resulting in [1,2] oxidized
LptD, a reaction catalyzed by DsbA (13; 79). The rearrangement of [1,2] oxidized LptD into
the mature form with non-consecutive disulfide bonds ([1,3][2,4]-LptD) happens after [1,2]
LptD is folded around LptE, which brings C-terminal Cys residues in proximity to N-
terminal Cys residues (11). Accordingly, conditions that limit LptE stall LptD folding and
LptD accumulates in the [1,2] form (56). In addition, when LptE is limiting the [1,2] form of
LptD does not accumulate on the Bam complex, demonstrating that LptE is recognized by
the Bam complex first, and suggesting that LptE is required not only for LptD folding but
also for a recognition of LptD by the Bam complex (56).

Because of the complexity of the process, assembly of LptD/E complex is relatively slow
making it possible to track assembly intermediates using pulse-chase analysis (13). The
LptD oxidation status and the formation of site-specific contacts with LptE can be monitored
in this process, which allows not only the characterization of different assembly
intermediates but also the establishment temporal order in the assembly process (11-13; 79).
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Studies of assembly-defective substrates can be even more informative, as these defective
substrates are often slowed down or stalled at a particular assembly step.

One such study concerned an assembly-defective mutant of JotD, lptD4213 (56). lptD4213is
23 amino acid deletion in eL4, and this mutant was instrumental to the discovery of the Bam
complex (7; 20; 80; 81; 94). LptD4213 accumulates in [1,2] oxidized form and unlike LptD
WT can be easily crosslinked to the Bam complex as an assembly intermediate. Interaction
studies of LptD4213 revealed that it is stalled on the Bam complex together with LptE.
Moreover, it exists as a partially folded barrel, because multiple site-specific contacts, which
are characteristic of mature LptD/LptE complex, have been established between LptD4213
and LptE (Fig. 3B). Although largely folded, the barrel of LptD4213 is not entirely closed
and LptE residues, which face the bulge of LptD barrel in the mature complex, can still be
crosslinked to BamA and BamD. Because BamD is the periplasmic component of the Bam
complex, this crosslinking clearly establishes that such partially folded LptD/LptE still
remains exposed to the periplasm. This result is in striking contrast to the proposed budding
model. It also worth noting that the BamA barrel is simply not big enough to accommodate
LptE in its lumen to allow LptD folding around LptE at the BamA lateral gate. Although the
precise sites of interaction between LptD4213 and BamA and BamD are unknown, the site-
specific crosslinking between LptE and BamA and BamD suggests that BamA and BamD
interact with the N-terminal and C-terminal parts of LptD barrel domain (Fig. 3B). Once the
barrel is closed, it is released from the Bam complex into the OM.

One can argue that LptD may be unique in its assembly pathway as it is the only p-barrel,
which requires another partner protein, LptE, for its assembly. However, many larger -
barrels feature the presence of the plug domains or large extracellular loops folded inside the
lumen of the B-barrel, which may serve a similar function.

One of the groups of B-barrels that features plug domains is TonB-dependent transporters,
including FhuA (23; 57). Their plug domains share large interaction interface with the lumen
with multiple hydrogen bonds and salt bridges. Although the assembly of such barrels have
not been studied in detail, it is striking that FhuA shares the same chaperone pathways as
LptD, and these are the only two proteins known to absolutely require SurA but also
dependent on Skp/FkpA (84; 91). The plug and the barrel domains of FhuA can be separated
into two polypeptides, yet form a functional translocon (6). While at the time, it was taken as
an indication that the plug is inserted into the lumen after the barrel is formed, we suggest it
may function in the assembly as separate protein, similar to LptE. Consistent with this
notion, deletion of the plug domain of FhuA results in ten-fold lower accumulation of the
“barrel only” FhuA, which is indicative of an assembly defect and the levels of the “barrel
only” FhuA can be restored by co-expressing the plug domain as a separate polypeptide (6).

Several larger OMPs contain extracellular loops folded inside the barrel, for example eL3 of
trimeric porins, such as OmpC, F, LamB and PhoE (3; 14; 83; 98) as well as eL.6 of BamA
itself. Early studies of PhoE showed that when Cys residues were introduced in eL3 and the
lumen, they formed a disulfide bond in the periplasm in a DsbA-dependent manner, and
because this disulfide formation requires of at least some degree of tertiary structure
formation it was suggested that barrel folding begins in the periplasm (22). Recent studies
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focused on BamA eL6 have shown that the formation of proper interaction network between
eL6 and BamA lumen is required for BamA folding (96). The disruption of this interaction
by introducing amino acid substitutions at the eL6 (e.g. BamA_V660A/R661A) result in a
BamA assembly defect; this altered BamA accumulates in the periplasm on BamD and is the
subject for a degradation by the periplasmic protease DegP. Moreover, proper eL6 folding
inside the lumen is a prerequisite for membrane insertion because the assembly and
membrane integration of BamA_ V660A/R661A can be rescued by introducing a disulfide
bond to tether eL6 to the lumen (96). These results suggest that eL6 may play a role in
BamA barrel folding similar to the role of LptE in LptD folding. Because eL6 interacts with
several B-strands, the B-sheet has to be at least partially formed to establish this tertiary
interaction, further supporting the model for periplasmic folding of p-barrels.

Studies with EspP—EspP is an autotransporter expressed by enterohemorrhagic £. coli
(EHEC) (8). Like other members of the serine protease autotransporters of
Enterobacteriaceae (SPATE) family, it consists of an N-terminal passenger domain, which is
released by autoproteolytic cleavage from the C-terminal p-barrel domain. (16). Earlier
models of autotransporter mechanism suggested that the p-barrel domain is sufficient for
translocation of the passenger domain, hence the name autotransporter. However, later
crystallographic analysis showed that the barrel is not big enough for a passenger
translocation, and this prompted a number of mechanistic studies which revealed that the
translocation event is coordinated with barrel folding at the Bam complex (38-40; 71).
These studies were not only important for our current understanding of the mechanism of
autotransporter secretion (reviewed in (4)) but also made several important implications for
B-barrel assembly at the Bam complex.

These autotransporter studies also utilized a combination of pulse-chase experiments and
site-specific crosslinking with several assembly/translocation intermediates that stall EspP at
different stages. Folding of the EspP barrel begins in the periplasm, as evidenced by
incorporation of the C-terminal part of the passenger domain into the partially folded EspP
barrel in such a way that it becomes inaccessible to proteolysis and site-specific labeling
even in permeabilized cells. This conformation resembles that of mature EspP (Fig. 3C).
Assembly defective mutant proteins EspP_G1066A or G1081A are slowed down at the Bam
complex in a pretranslocation state (71). At this stage, the C-terminal part of the passenger
domain adopts a hairpin conformation but has not yet emerged on the cell surface.
EspP_G1066A and G1081A remain periplasmic because they can be crosslinked not only to
BamA but also to periplasmic lipoproteins, such as BamB and BamD, and unlike the
EspP_WT cannot be crosslinked to LPS. The other variant, EspP_586TEV, stalls EspP
during the translocation process, at a stage in which the first C-terminal passenger residues
emerge at the cell surface, but the translocation event has not been completed because the
passenger is not released and still can be crosslinked to BamA and SurA (38). Importantly,
at this stage the barrel of EspP_586TEV is still not fully inserted into the OM because barrel
does not establish site-specific crosslinked to LPS and remains its crosslinking with BamB
and BamD (Fig. 3C). The intermediates described above can also be detected using the WT
protein under conditions when EspP assembly is slowed down by growth at 20° C (40; 71).
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Although EspP and LptD represent completely different BamA substrates, the similarity
between their assembly pathways is remarkable (Fig. 3B and C), suggesting it may apply
more broadly to the assembly of other B-barrel proteins. These experimental studies provide
strong evidence that the barrel folding occurs in the periplasm/periplasmic side of the OM
and that neither EspP nor LptD is templated at the BamA lateral gate. It is true that LptD and
EspP are large and complex substrates and may require specialized activities of the Bam
complex for their assembly; however, it is unlikely that other, more simple, B-barrel proteins
would require B-strand templating while bigger and more complex substrates do not. In
addition, results of site-specific crosslinking suggest that BamA and BamD interact with
limited sites on the substrates, mainly limited to the N- and C-terminal parts of the barrel.
This may be important for restricting the conformational freedom of an OMP, which will
trigger p-barrel formation driven by the intrinsic thermodynamic properties of the OMPs,
similar to what is observed /in vitro.

5. Concluding remarks

Understanding the mechanism of p-barrel folding/insertion into the OM will require
understanding how individual members of the complex functionally interact with incoming
substrates and the conformational changes in both substrate and machine that occur during
this process. Structural studies of the Bam complex in the absence of the substrate and away
from its native environment cannot reveal all of the dynamic changes the Bam complex
undergoes during the OMP assembly. As previously demonstrated with transcription (RNA
polymerase) and translation (ribosome), isolation and characterization of assembly
intermediates are critical for advancing the field. Structural information on kinetically stable
intermediates can provide snapshots of the various dynamic events during the assembly
reaction. Finally, because the OM may play a critical role in B-barrel folding, the question of
how the Bam complex functions within this unique asymmetric bilayer requires the
characterization of assembly intermediates in whole cells (or OM vesicles).
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Figure 1. The structure of Gram-negative envelope and the pathwaysrequired for OM biogenesis
The envelope of Gram-negative bacteria contains two membranes. The OM in an

asymmetric bilayer with LPS in its outer leaflet. LPS is synthesized on the cytoplasmic side
of the IM and translocated across the IM by MsbA. LPS is extracted from the IM by
LptBFG. LPS is then translocated across the periplasm by being pushes by the following
LPS molecule through the periplasmic LptA bridge to the OM translocon, LptD/LptE, which
inserts LPS directly into the outer leaflet (see the recent reviews (62; 85). OM proteins, such
as p-barrel OMPs (green) or lipoproteins (blue) are synthesized on ribosomes and contain a
signal sequence (red) that targets them to the Sec complex, which translocates them across
the IM. Unfolded OMPs are bound by periplasmic chaperones which escort them to the Bam
complex. The Bam complex assembles OMPs into the OM (see the recent review (73).
Lipoproteins undergo lipid modifications and are extracted from the IM by the LolCDE and
passed to the periplasmic chaperone LolA that delivers them to the OM acceptor protein
LolB, which inserts lipoproteins into the inner leaflet of the OM (see the recent review (64).
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Side view Periplasmic view

Figure 2. The structure of the Bam complex
(A) The structure of the Bam complex by cryo-EM (5LJO) (37). The central component,

BamA, contains a B-barrel and a periplasmic domain, consisting of five POTRA domains
that scaffold lipoproteins BamB-E. POTRA domains together with lipoproteins form a ring-
like structure with the cavity underneath the BamA barrel. Note, that the position of the ring
relative to BamA barrel varies substantially in different structures of the Bam complex.

(B) The architecture of the BamA barrel and the seam in two different crystal structures of
BamA (2; 31). The residues of the seam used for a disulfide crosslinking are highlighted by
the red spheres. These structures have been proposed to represent BamA in its “open” and
“closed” conformations.

Annu Rev Microbiol. Author manuscript; available in PMC 2018 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Konovalova et al. Page 20

A
The budding model The assited model
Periplasm
B LptD/LptE assembly intermeadite
Top Side
BamD =
2 A (periplasm)
BamA BamD
(periplasm) 7
BamA
C EspP assembly intermeadite
Top Side
1214 , BamD
(periplasm)
972
1149 Bama BamB
- 1300 (periplasm)
Bam 972
(periplasm)  BamA BTk,

(periplasm)

Figure 3. The proposed models for BamA function and experimental evidence for the foldingin
the periplasm

(A) The BamA budding model suggests that BamA opens laterally and templates the -
strands of an incoming OMP. As a result, a hybrid BamA/OMP barrel is formed. Once all
OMP B-strand are templated, the OMP barrel buds off laterally into the OM (67). The BamA
assisted model suggests that OMP folding is driven by their intrinsic thermodynamic
properties and occurs largely at the periplasmic side of the OM. The function of BamA is to
reduce the kinetic barrier for membrane integration by creating a membrane defect
(illustrated by OM thinning) in the proximity to the BamA seam (24).

(B) LptD/LptE assembly intermediate represented by the /jptD4213 assembly-defective
mutant (56). The LptD barrel (green) is largely formed because it established contacts LptE
(blue), but not fully closed because LptE is still crosslinked to BamD. Sites of LptE
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crosslinking to the indicated proteins are shown. This LptD/E complex remains in the
periplasm because it crosslinks to the periplasmic lipoprotein BamD. The N-terminal
domains of LptD and LptE lipid moieties are not shown for clarity.

(C) EspP assembly intermediate represented by espP G1066A or G1081A assembly-
defective mutants or WT under the conditions of slow growth (40; 71). EspP barrel largely
formed because the a-helix of the passenger domain is buried inside the barrel. The barrel
remains open to facilitate translocation of the passenger domain, which can still be
crosslinked to BamA. Sites of EspP crosslinking to the indicated proteins are shown. This
partially folded EspP barrel remains in the periplasm because it crosslinks to the periplasmic
lipoproteins BamB and BamD, and cannot be crosslinked to LPS. Only the C-terminal part
of the passenger domain is shown for clarity.
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	Studies with LptD—LptD is an essential OM component of the LPS translocon, which is directly responsible for translocation of LPS molecules into the outer leaflet of the OM (95) (Fig. 1). It is the largest β-barrel (26 strands) and it also contains an N-terminal periplasmic domain (5; 12; 18; 74). LptD exists in 1:1 complex with lipoprotein LptE. LptE largely resides inside the lumen of LptD forming an extensive network of site-specific contacts. LptE serves three distinct functions: it is required for LptD assembly; it plugs large LptD lumen so it cannot function as a pore and participates directly in LPS translocation (11; 29; 60). The LptD assembly pathway is very complex. Not only is LptD folded around its partner LptE, but it also contains two non-consecutive disulfide bonds, which are formed and rearranged during the LptD assembly process. There are two N-terminal cysteines, C31, and C173 and two C-terminal cysteines, C724 and C725. Upon secretion in the periplasm, the N-terminal Cys residues form a consecutive disulfide bond, resulting in [1,2] oxidized LptD, a reaction catalyzed by DsbA (13; 79). The rearrangement of [1,2] oxidized LptD into the mature form with non-consecutive disulfide bonds ([1,3][2,4]-LptD) happens after [1,2] LptD is folded around LptE, which brings C-terminal Cys residues in proximity to N-terminal Cys residues (11). Accordingly, conditions that limit LptE stall LptD folding and LptD accumulates in the [1,2] form (56). In addition, when LptE is limiting the [1,2] form of LptD does not accumulate on the Bam complex, demonstrating that LptE is recognized by the Bam complex first, and suggesting that LptE is required not only for LptD folding but also for a recognition of LptD by the Bam complex (56).Because of the complexity of the process, assembly of LptD/E complex is relatively slow making it possible to track assembly intermediates using pulse-chase analysis (13). The LptD oxidation status and the formation of site-specific contacts with LptE can be monitored in this process, which allows not only the characterization of different assembly intermediates but also the establishment temporal order in the assembly process (11–13; 79). Studies of assembly-defective substrates can be even more informative, as these defective substrates are often slowed down or stalled at a particular assembly step.One such study concerned an assembly-defective mutant of lptD, lptD4213 (56). lptD4213 is 23 amino acid deletion in eL4, and this mutant was instrumental to the discovery of the Bam complex (7; 20; 80; 81; 94). LptD4213 accumulates in [1,2] oxidized form and unlike LptD WT can be easily crosslinked to the Bam complex as an assembly intermediate. Interaction studies of LptD4213 revealed that it is stalled on the Bam complex together with LptE. Moreover, it exists as a partially folded barrel, because multiple site-specific contacts, which are characteristic of mature LptD/LptE complex, have been established between LptD4213 and LptE (Fig. 3B). Although largely folded, the barrel of LptD4213 is not entirely closed and LptE residues, which face the bulge of LptD barrel in the mature complex, can still be crosslinked to BamA and BamD. Because BamD is the periplasmic component of the Bam complex, this crosslinking clearly establishes that such partially folded LptD/LptE still remains exposed to the periplasm. This result is in striking contrast to the proposed budding model. It also worth noting that the BamA barrel is simply not big enough to accommodate LptE in its lumen to allow LptD folding around LptE at the BamA lateral gate. Although the precise sites of interaction between LptD4213 and BamA and BamD are unknown, the site-specific crosslinking between LptE and BamA and BamD suggests that BamA and BamD interact with the N-terminal and C-terminal parts of LptD barrel domain (Fig. 3B). Once the barrel is closed, it is released from the Bam complex into the OM.One can argue that LptD may be unique in its assembly pathway as it is the only β-barrel, which requires another partner protein, LptE, for its assembly. However, many larger β-barrels feature the presence of the plug domains or large extracellular loops folded inside the lumen of the β-barrel, which may serve a similar function.One of the groups of β-barrels that features plug domains is TonB-dependent transporters, including FhuA (23; 57). Their plug domains share large interaction interface with the lumen with multiple hydrogen bonds and salt bridges. Although the assembly of such barrels have not been studied in detail, it is striking that FhuA shares the same chaperone pathways as LptD, and these are the only two proteins known to absolutely require SurA but also dependent on Skp/FkpA (84; 91). The plug and the barrel domains of FhuA can be separated into two polypeptides, yet form a functional translocon (6). While at the time, it was taken as an indication that the plug is inserted into the lumen after the barrel is formed, we suggest it may function in the assembly as separate protein, similar to LptE. Consistent with this notion, deletion of the plug domain of FhuA results in ten-fold lower accumulation of the “barrel only” FhuA, which is indicative of an assembly defect and the levels of the “barrel only” FhuA can be restored by co-expressing the plug domain as a separate polypeptide (6).Several larger OMPs contain extracellular loops folded inside the barrel, for example eL3 of trimeric porins, such as OmpC, F, LamB and PhoE (3; 14; 83; 98) as well as eL6 of BamA itself. Early studies of PhoE showed that when Cys residues were introduced in eL3 and the lumen, they formed a disulfide bond in the periplasm in a DsbA-dependent manner, and because this disulfide formation requires of at least some degree of tertiary structure formation it was suggested that barrel folding begins in the periplasm (22). Recent studies focused on BamA eL6 have shown that the formation of proper interaction network between eL6 and BamA lumen is required for BamA folding (96). The disruption of this interaction by introducing amino acid substitutions at the eL6 (e.g. BamA_V660A/R661A) result in a BamA assembly defect; this altered BamA accumulates in the periplasm on BamD and is the subject for a degradation by the periplasmic protease DegP. Moreover, proper eL6 folding inside the lumen is a prerequisite for membrane insertion because the assembly and membrane integration of BamA_ V660A/R661A can be rescued by introducing a disulfide bond to tether eL6 to the lumen (96). These results suggest that eL6 may play a role in BamA barrel folding similar to the role of LptE in LptD folding. Because eL6 interacts with several β-strands, the β-sheet has to be at least partially formed to establish this tertiary interaction, further supporting the model for periplasmic folding of β-barrels.Studies with EspP—EspP is an autotransporter expressed by enterohemorrhagic E. coli (EHEC) (8). Like other members of the serine protease autotransporters of Enterobacteriaceae (SPATE) family, it consists of an N-terminal passenger domain, which is released by autoproteolytic cleavage from the C-terminal β-barrel domain. (16). Earlier models of autotransporter mechanism suggested that the β-barrel domain is sufficient for translocation of the passenger domain, hence the name autotransporter. However, later crystallographic analysis showed that the barrel is not big enough for a passenger translocation, and this prompted a number of mechanistic studies which revealed that the translocation event is coordinated with barrel folding at the Bam complex (38–40; 71). These studies were not only important for our current understanding of the mechanism of autotransporter secretion (reviewed in (4)) but also made several important implications for β-barrel assembly at the Bam complex.These autotransporter studies also utilized a combination of pulse-chase experiments and site-specific crosslinking with several assembly/translocation intermediates that stall EspP at different stages. Folding of the EspP barrel begins in the periplasm, as evidenced by incorporation of the C-terminal part of the passenger domain into the partially folded EspP barrel in such a way that it becomes inaccessible to proteolysis and site-specific labeling even in permeabilized cells. This conformation resembles that of mature EspP (Fig. 3C). Assembly defective mutant proteins EspP_G1066A or G1081A are slowed down at the Bam complex in a pretranslocation state (71). At this stage, the C-terminal part of the passenger domain adopts a hairpin conformation but has not yet emerged on the cell surface. EspP_G1066A and G1081A remain periplasmic because they can be crosslinked not only to BamA but also to periplasmic lipoproteins, such as BamB and BamD, and unlike the EspP_WT cannot be crosslinked to LPS. The other variant, EspP_586TEV, stalls EspP during the translocation process, at a stage in which the first C-terminal passenger residues emerge at the cell surface, but the translocation event has not been completed because the passenger is not released and still can be crosslinked to BamA and SurA (38). Importantly, at this stage the barrel of EspP_586TEV is still not fully inserted into the OM because barrel does not establish site-specific crosslinked to LPS and remains its crosslinking with BamB and BamD (Fig. 3C). The intermediates described above can also be detected using the WT protein under conditions when EspP assembly is slowed down by growth at 20° C (40; 71).Although EspP and LptD represent completely different BamA substrates, the similarity between their assembly pathways is remarkable (Fig. 3B and C), suggesting it may apply more broadly to the assembly of other β-barrel proteins. These experimental studies provide strong evidence that the barrel folding occurs in the periplasm/periplasmic side of the OM and that neither EspP nor LptD is templated at the BamA lateral gate. It is true that LptD and EspP are large and complex substrates and may require specialized activities of the Bam complex for their assembly; however, it is unlikely that other, more simple, β-barrel proteins would require β-strand templating while bigger and more complex substrates do not. In addition, results of site-specific crosslinking suggest that BamA and BamD interact with limited sites on the substrates, mainly limited to the N- and C-terminal parts of the barrel. This may be important for restricting the conformational freedom of an OMP, which will trigger β-barrel formation driven by the intrinsic thermodynamic properties of the OMPs, similar to what is observed in vitro.
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