
Gram-negative bacteria are surrounded by two lipid 
bilayers: the inner membrane and the outer membrane. 
These membranes have important differences in their 
makeup. The inner membrane is composed of a symmet-
rical phospholipid bilayer and harbours predominantly 
α-helical proteins, whereas the outer membrane is asym-
metrical and contains primarily β-barrel fold proteins. 
In the outer membrane, phospholipid is located in the 
inner leaflet and lipopolysaccharide (LPS) is located in 
the outer leaflet. The outer membrane protein (OMP) 
family includes proteins associated with basic physiolog-
ical functions, virulence and multidrug resistance and 
therefore plays a fundamental part in the maintenance 
of cellular viability1. The understanding of how these 
proteins are targeted and folded into this membrane 
is therefore crucial, as it could offer medical benefits. 
Compounds that inhibit stages of this process would 
block key stages of OMP biogenesis, thereby inhibiting 
essential physiological, pathogenic and drug resistance 
functions, and could prove useful in combating diverse 
pathogens, including Pseudomonas aeruginosa, Neisseria 
meningitidis and Salmonella enterica.

The past 5 years have heralded the discovery of a net-
work of proteins responsible for folding and inserting 
OMPs into the outer membrane. The core complex is 
now known as the β-barrel assembly machinery (BAM). 
The first structures of components of this complex have 
recently been solved and are shedding light on how 
β-barrels are built in vivo. This Review discusses the 
implications of these structures and interactions of BAM 

components, and focuses on the mechanisms respon-
sible for trafficking and folding proteins into the outer 
membrane of Gram-negative bacteria.

The pathway of OMP biogenesis in Escherichia coli
All proteins in E. coli are synthesized in the cytoplasm. 
Those destined for the outer membrane must pass 
through both the inner membrane and the periplasmic 
space before even reaching the outer membrane, where 
folding and insertion takes place (FIG. 1). This process has 
multiple stages. The nascent OMP precursors are syn-
thesized with an amino-terminal leader sequence and 
interact with cytoplasmic chaperones and the SecYEG 
complex to mediate translocation across the inner mem-
brane in a process that is dependent on ATP and the 
proton motive force2–7. On entering the periplasm, the 
leader sequence is processed by a signal peptidase, and 
the nascent OMP associates with periplasmic chaper-
ones, including SurA, Skp and DegP. These chaperones 
are thought to form two pathways, the SurA pathway and 
the Skp–DegP pathway, that transport nascent OMPs 
across the periplasmic space to the outer membrane8–10. 
Unlike the actively driven Sec translocon, the outer 
membrane uses the passive BAM complex. Almost all 
known OMPs require the BAM complex for folding11–14. 
One exception could be the secretin PulD, which has 
been shown to insert into the membrane in the absence 
of the BAM complex15,16. Interestingly, a subset of OMPs 
also require lipid synthesis for correct assembly, suggest-
ing that the BAM complex mediates multiple folding 
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proper folding of other 
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Abstract | The folding of transmembrane proteins into the outer membrane presents 
formidable challenges to Gram-negative bacteria. These proteins must migrate from the 
cytoplasm, through the inner membrane and into the periplasm, before being recognized  
by the β-barrel assembly machinery, which mediates efficient insertion of folded β-barrels 
into the outer membrane. Recent discoveries of component structures and accessory 
interactions of this complex are yielding insights into how cells fold membrane proteins. 
Here, we discuss how these structures illuminate the mechanisms responsible for the 
biogenesis of outer membrane proteins.
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pathways17. In E. coli this complex is composed of five 
proteins: YaeT, which is an integral membrane protein, 
and four accessory lipoproteins, YfgL, NlpB, YfiO and 
SmpA, which localize to the inner leaflet of the outer 
membrane9,12,18–20. These proteins have recently been 
renamed, although discrepancies exist in the literature 
concerning the correct nomenclature19–22. We will adhere 

to the early size-ordered designations: BamA (YaeT), 
BamB (YfgL), BamC (NlpB), BamD (YfiO) and BamE 
(SmpA).

BamA, an essential Gram-negative protein
Voulhoux et al. showed that outer membrane protein 85 
(omp85) is an essential gene in N. meningitidis and that 
depletion of its product BamA (also known as Omp85) 
resulted in the accumulation of unfolded OMP aggre-
gates in the periplasm23. Initially, BamA was thought 
to be involved in LPS and phospholipid incorporation, 
rather than OMP assembly, as it is encoded in an operon 
that contains LPS biosynthetic genes, and LPS and phos-
pholipid accumulate in the inner membrane when it is 
depleted24. however, from E. coli studies it is apparent 
that BamA plays a central part in OMP assembly11–13,23 
and that its effects on LPS insertion are indirect owing 
to misfolding of LPS biosynthetic proteins, such as LptD 
(previously known as Imp)25.

Consistent with its essential role, BamA is found in all 
Gram-negative bacteria and contains two major compo-
nents: a set of five POTRA (polypeptide transport-associated)  
domains oriented towards the periplasm and a car-
boxy-terminal β-barrel inserted into the outer mem-
brane26. BamA bears striking sequence and structural 
similarity to the protein-translocating TpsB proteins of 
the Gram-negative bacterial two-partner secretion sys-
tem and to homologues in the outer membranes of plas-
tids and mitochondria, reflecting the bacterial origins of 
these latter organelles27,28 (BOXES 1,2).

The structures of POTRA domains from E. coli 
BamA have recently been solved by NMR, small angle 
X-ray scattering (SAXS) and X-ray crystallography, 
revealing their novel folds and interactions29,30 (FIG. 2). 
Kim et al. reported the first crystal structure of POTRA 
domains 1–4 (POTRA1–4)

29. Although these domains 
had only marginally similar sequences (<13% iden-
tity), they adopted a common fold that comprised a 
three-stranded β-sheet overlaid by a pair of antiparallel 
α-helices, albeit with distinct interdomain angles and 
interfaces. The dimeric form of the POTRA domains 
observed in the crystal was stabilized by β-strand pair-
ing (β-augmentation) between an ‘orphan’ β-strand of 
the C-terminally truncated POTRA5 and the β-sheet 
of POTRA3. NMR and SAXS studies of POTRA1–2 and 
POTRA1–5 in solution revealed that they have similar 
domain structures but exist exclusively in monomeric 
states and possess different domain–domain interfaces 
and angles30. Whereas the crystal structure detected by 
Kim et al. exhibited highly ordered interdomain con-
tacts29, NMR revealed flexible linkers and distinct inter-
faces between domains. Only the orientation revealed 
by NMR is consistent with the molecular envelope of 
POTRA1–5 that was identified using SAXS. This therefore 
suggests that the crystallized orientation of POTRA1–4 
detected by Kim et al. does not occur in solution but 
results from non-physiological contacts between trun-
cated BamA constructs in a crystalline environment30 
that would not occur when the fifth POTRA domain 
is intact. Indeed this seems to be the case, as a more 
recent crystal structure of BamA POTRA1–4 solved by  

Figure 1 | Schematic representation of outer membrane protein biogenesis in 
Escherichia coli. Outer membrane proteins (OMPs) destined for the β-barrel assembly 
machinery (BAM) complex are first targeted to the SecYEG translocon. Following export 
through SecYEG, the nascent OMPs are recruited by two proposed chaperone pathways, 
the SurA and the Skp–DegP pathway, and are transported through the periplasm to the 
outer membrane. Excess levels of unfolded OMPs in the periplasm are targeted for 
breakdown by proteases, such as DegP, through an envelope stress response. Folding and 
insertion of nascent OMPs is thought to occur through the BAM complex (BamA–BamE)8. 
It is currently unclear how the BAM complex functions in OMP folding and insertion. 
However, a number of possible mechanisms exist. According to the pore-folding model, 
the β-barrel of BamA offers its pore for insertion of the nascent OMP into the membrane, 
and the POTRA (polypeptide transport-associated) domains and/or accessory 
components act to thread the OMP into the pore (1). In the complex pore-folding model, 
the central core is formed by a multimeric BAM complex that acts as the point of 
insertion into the membrane (2). Release of the OMP could then occur by dissociation of 
the multimeric BAM complexes. The barrel-folding model suggests that the β-barrel of 
BamA provides a template for barrel folding in the vicinity of the BAM complex (3). 
According to the chaperone-folding model, the periplasmic chaperones, and in 
particular DegP, act to fold the protein and protect it from degradation during passage 
through the periplasm (4). The BAM complex thus functions only to insert the protein into 
the membrane. Finally, in the accessory folding model the BAM complex functions to fold 
the nascent OMP but does not have a function in membrane insertion (5). The folded 
OMP is then released to DegP in a quality-control mechanism to remove incorrectly 
folded OMPs. The protein is then inserted into the membrane either by DegP or by some 
as-yet-unknown mechanism that could involve the BAM complex.
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Amphipathic
A molecule with both polar and 
non-polar portions in its 
structure.

Gatzeva-Topalova and colleagues revealed that it is 
monomeric and exists in an extended conformation that 
is consistent with the SAXS conformer31. however, the 
observation that different interdomain orientations can 
be adopted suggests that POTRA domain linkers have 
a substantial amount of conformational freedom, and 
could reflect interdomain articulations that may have 
functional implications during the folding pathway.

Other proteins with similar folds to the POTRA 
domain have recently been identified, and could 
therefore have similar functional attributes. These 
include the filamentous haemagglutinin transporter 
protein FhaC from Bordetella pertussis, the cell divi-
sion protein FtsQ from E. coli and dynein light chain 
from Drosophila melanogaster 32–36. Also similar to the 
POTRA domains are OmlA, a BamE homologue from 
Xanthomonas axonopodis pathovar citri, and beta-
lactamase inhibitory protein (BLIP) from Streptomyces 
clavuligeris (FIG. 2). Although differences are apparent in 
the order and number of secondary structure elements, 
each domain adopts a similar topology with exposed 
β-strands. All domains have been shown, or are pre-
dicted, to bind to other protein ligands, suggesting 
they have common functionality. Studies of the BamA 
POTRA domain, BLIP and dynein light chain indicated 
that β-augmentation is probably the common mode of 
interaction. In the case of BLIP, β-augmentation occurs 
between the two 76-residue domains34, whereas for 
dynein light chain β-augmentation is associated with 
a dynein intermediate chain peptide35.

The structure of the BamA β-barrel has not yet been 
reported. however, the structure of the distantly related 
TpsB transporter FhaC has been determined32 (FIG. 2E). 
FhaC mediates translocation of the B. pertussis major 

adhesin filamentous haemagglutinin to the bacterial 
surface32. The FhaC structure contains a 16-stranded 
β-barrel with an N-terminal periplasmic extension 
composed of two POTRA domains and an α-helix that 
is embedded in the barrel pore. In addition to occlu-
sion by the α-helix, the channel is further blocked by 
a large extracellular loop close to its C terminus that 
forms a hairpin in the barrel interior. Although BamA 
is predicted to possess a similar extracellular loop, no 
segment that corresponds to the N-terminal α-helix is 
present. Nonetheless, conductance studies indicate that 
the channel is closed, hinting that other elements may 
block its pore37.

Exactly how BamA functions in OMP assembly 
remains unclear. however, it is beginning to emerge 
that its POTRA domains might have a role in binding 
unfolded OMPs26,37. Robert et al. suggest that the BAM 
recognizes a specific recognition motif encoded in the 
C-terminal β-strand of OMPs37. Indeed, comparisons 
of the C-terminal β-strands of OMPs from different 
Gram-negative bacteria reveal a conserved amphipathic 
structure with hydrophobic residues at positions 1 (phe-
nylalanine or tryptophan), 3 (preferentially tyrosine), 
5, 7 and 9 from the C terminus; the terminal aromatic 
residue of the C terminus is necessary for efficient outer 
membrane insertion38. This targeting motif appears to 
differ between E. coli and N. meningitidis (the E. coli 
motif contains predominantly polar residues, whereas 
the N. meningitidis motif possesses residues at positions 
2 and 4), suggesting that OMP sorting is species spe-
cific37. This could explain why E. coli BamA did not rec-
ognize the C-terminal motif of Neisseria PorA and why 
overexpression of Neisseria OMPs in E. coli is toxic37. 
Interestingly, the C-terminal motif does not appear to 
be essential, as PhoE mutants that lack the C-terminal 
phenylalanine can interact with BamA, albeit less effi-
ciently37. Furthermore, in vivo, low-level expression can 
be tolerated, which leads to assembly of the mutant pro-
tein and suggests that other, currently unknown, motifs 
have a role in targeting and/or the kinetics of PhoE 
folding37.

Kahne and co-workers proposed that POTRA 
domains interact with folding substrates using 
β-augmentation29. They investigated this hypothesis by 
making mutations in POTRA3 to disrupt its propensity 
for β-pairing, and found that, although BamA function 
was maintained, its interactions with BamB were com-
promised. Knowles et al. tested the interactions of four 
peptides derived from the OMP porin PhoE, and found 
that individual BamA POTRA domains can function 
as discrete binding units by directly contacting OMP 
sequences through interactions with the alternating 
sides of the β-sheets of the first two POTRA domains30. 
This function seems to be conserved, as the POTRA 
domains of the mitochondrial homologue, Sam50, 
also bind β-barrel precursors39. The binding of vari-
ous β-strand peptides other than the C-terminal strand 
suggests that the targeting motif is recognized elsewhere  
in the BAM complex and that the POTRA domain 
guides the nascent OMPs through the core complex by 
weak interactions that permit processive sliding30.

 Box 1 | BamA family members

BamA has been found in all Gram-negative bacteria for which genome sequences are 
available. Homologues have also been found in plastids, mitochondria and the bacterial 
two-partner secretion (TPS) family of proteins.

Sam50, the mitochondrial BamA homologue, is found in all eukaryotes and is a 
component of the sorting and assembly machinery that is responsible for folding and 
inserting mitochondrial outer membrane proteins (OMPs)72. It forms part of the SAM 
(sorting and assembly) complex (described in more detail in BOX 2). Like bamA, sam50 
is an essential gene. Depletion of Sam50 results in defective mitochondrial OMP 
assembly72. Interestingly, Sam50 is predicted to contain only one POTRA (polypeptide 
transport-associated) domain that faces the inter-membrane space26.

Two homologues of BamA have been found in plastids73. Both proteins are localized 
to the outer envelope and harbour two POTRA domains each. The function of the first 
homologue, Toc75-V (also known as OEP80), remains to be determined. However, its 
similarities to BamA make it the most likely candidate for plastid outer envelope 
protein assembly. The second homologue, Toc75, forms the main protein translocation 
pore and sits at the core of a complex with Toc159 and Toc34. Together, Toc75-V and 
Toc75 constitute the TOC (translocon of the outer envelope of chloroplasts) complex.

The TPS family is characterized by secretion of an effector protein, or TpsA protein, 
across the bacterial outer membrane by its partner, or TpsB protein74. Only the TpsB 
proteins of this family show homology to BamA. All TPS proteins have a similar 
architecture to BamA: they possess at least one POTRA domain but have a distinct 
function, as they translocate soluble substrate proteins across the outer membrane. 
Given that members of the TPS family are neither ubiquitous nor essential, they 
probably represent a recently evolved family of proteins that enable bacteria to thrive 
in novel environments, such as during host invasion28.
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The functional importance of having five POTRA 
domains in all BamA proteins remains unclear, as dele-
tion studies have yielded conflicting results. Tommassen 
and co-workers serially removed N. meningitidis BamA 
POTRA domains and found that only POTRA5 is 
essential; removal of the other domains resulted in only 
slight defects in OMP assembly40. By contrast, Kahne 
and colleagues removed individual POTRA domains 
from E. coli BamA and found that the three C-terminal 
POTRA domains are essential, whereas removal of 
POTRA1 or POTRA2 compromised growth, suggesting 
that all domains have important roles29. These differences 
may simply reflect the inability of accessory components 
to function in association with the BAM complex, as 
recent studies suggest that POTRA domains also act as a  
scaffold for the binding of accessory factors. In E. coli, 
BamB disengages when any POTRA domain other than 
POTRA1 is removed, whereas removal of POTRA5 leads 
to loss of all accessory factors29. In N. meningitidis, which 

lacks BamB, only deletion of POTRA5 leads to accessory 
protein loss40. however, this does not adequately explain 
why both E. coli and N. meningitidis, and all other Gram-
negative bacteria, have precisely five POTRA domains. 
An explanation is offered by a study of N. meningitidis 
BamA in which the correct folding of larger OMPs cor-
related with the number of POTRA domains present, 
suggesting that more POTRA domains are needed to 
fold larger OMPs40.

The BAM accessory components
The four BAM accessory lipoproteins, BamB–E, form 
a tight complex with E. coli BamA based on their co-
purification12,18. Although BamA–D exist in equal stoi-
chiometry41, it is unclear whether this is also the case for 
BamE. Furthermore, it is possible that the native BAM 
complex is multimeric, as BamA and other BamA-like 
proteins have been shown to multimerize in vitro27,37,42,43. 
The interactions between BAM components are 

Box 2 | Eukaryotic β-barrel outer membrane protein assembly

In mitochondria, protein substrates first traverse the outer membrane through a complex formed with translocase outer 
membrane 40 (Tom40) (see the figure). After passage into the inter-membrane space (IMS), the nascent outer membrane 
protein (OMP) associates with small translocase inner membrane (Tim) proteins, which act as chaperones and can function 
analogously to the bacterial SurA, Skp and DegP proteins75. Insertion into the outer membrane proceeds though the SAM 
(sorting and assembly) complex, the core of which is composed of Sam50, Sam35 and Sam37 (described in more detail in 
BOX 1)76. Sam35 and Sam37 are peripheral membrane proteins that are exposed to the mitochondrial surface. Sam35 is 
essential and thought to function as the receptor that recognizes a sorting signal located in the last β-strand of the 
substrate OMP77. This core complex is required for the assembly of all mitochondrial β-barrel OMPs. However, it is 
becoming clear that other proteins are involved, including Mdm10, Mdm12 and Mmm1 (REFS 77,78). Mdm10 interacts 
with both Mdm12 and the SAM complex and has a specific role in TOM complex assembly but is not required for the 
assembly of other OMPs78, whereas Mdm12 and Mmm1 form a complex that plays a major, but currently unknown, part in 
the later stages of OMP assembly79. Interestingly, only Sam50 shows homology to any bacterial protein.
The mechanisms that underlie the chloroplast OMP insertion pathway remain unclear (see the figure). However, 
comparisons with mitochondria and bacteria suggest that it probably occurs in the same direction as the mitochondrial 
OMP insertion pathway (from the IMS to the outer membrane) and involves the protein Toc75-V (also known as OEP80). It 
is likely that most β-barrel OMPs subsequently interact with IMS chaperones and are targeted to Toc75-V. However, in  
the case of Toc75-III, which has been shown to contain an amino-terminal transit sequence that most other OMPs lack, the 
inner membrane Tic complex may be involved. The presence of BamA homologues in all three systems (chloroplast, 
bacterial and mitochondrial) suggests that the mechanistic aspects of these proteins are conserved, as does the 
identification of chaperone-like molecules within the IMS of all these systems12,27. Arrows indicate the translocation 
pathway. Figure modified, with permission, from REF. 27  (2005) European Molecular Biology Organization. 
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becoming apparent from by mutagenesis and binding 
studies. BamA interacts stably with the associated BamC, 
BamD and BamE components through an interaction 
that requires POTRA5 (REFS 14,18,29). BamB makes a 
direct interaction with BamA that can occur independ-
ently of the other components and is mediated by the 
Pro171–Pro181 and Glu221–Asp229 sequences and  
the four most C-terminal POTRA domains14,19,29. The 
participation of BamC in the complex requires the C ter-
minus of BamD14, whereas BamD itself makes a direct 
contact with BamA, an interaction that is thought to be 
stabilized by BamE14,18.

All of the BAM lipoproteins have roles in OMP 
biogenesis, as their depletion leads to varying degrees 
of OMP assembly defects, but only BamD and BamA 
are crucial for cell viability and OMP biogenesis11–14. 
BamD is ubiquitous in Gram-negative bacteria14 and 
was previously described in Neisseria gonorrhoeae as 
the peptidoglycan-associated competence lipoprotein 
ComL44. Whereas BamD is essential, transposon inser-
tion into the C termini of both the N. gonorrhoeae and 
E. coli bamD alleles yields organisms that are viable but 
have major cellular defects characterized by aberrant cel-
lular morphology44 and decreased steady state levels of 
OMPs, respectively3,7. These partial losses of function 
suggest that the essential role of BamD is mediated by 
its N-terminal region. BamD has no obvious similar-
ity to proteins of known structure, but homologues in 
Rickettsia spp. and other alphaproteobacteria have been 
predicted to contain up to six tetratricopeptide repeat 
motifs that form tandem helix–loop–helix structures and 
are associated with protein–protein interactions21,45,46. 
Such motifs contribute to other protein transport path-
ways, including that of the mitochondrial protein import 
receptor Tom70 (REFS 47,48), which binds β-barrel sub-
strate proteins en route to the mitochondrial homo-
logue of the BAM47. It is possible that BamD performs 
a similarly important protein handling function that 
accounts for its obligatory requirement in the outer 
membrane.

In contrast to BamD, bamB-null strains are viable but 
are hypersensitive to antibiotics, such as vancomycin, 
which shows that the outer membrane permeability bar-
rier is severely compromised49 and harbours defects in 
the correct assembly of various OMPs9,50. BamB is highly 
conserved among many Gram-negative bacteria, but is 
absent from some genomes, such as that of N. meningi-
tidis and N. gonorrhoeae. Deletion of bamB attenuates 
some pathogenic bacteria51 and BamB has been linked 
to DNA-break repair and homologous recombination52. 
BamB is predicted to have a β-propeller fold with seven 
or eight blades based on homology to other proteins19,21. 
Using this information, Gatsos et al. have proposed a bio-
informatic model of the BamB structure, and they sug-
gest that its β-propeller fold could pair with the exposed 
β-strands of the POTRA domains of BamA or stabilize 
nascent β-strands of substrate proteins or both21.

The role of BamC in OMP biogenesis remains mys-
terious. E. coli strains in which bamC has been deleted 
show moderate outer membrane permeability defects, 
including sensitivity to rifampicin, yet retain viability and 

Figure 2 | Structures of the outer membrane protein assembly components.  
A | Ribbon models of the POTRA (polypeptide transport-associated) domains of BamA 
and its structurally related proteins. Aa | The Escherichia coli BamA POTRA domain fold, 
showing its characteristic three-stranded β-sheet (blue) overlaid by a pair of antiparallel 
α-helices (red). The structure is of POTRA

 2
 from E. coli BamA29 (protein data bank (PDB) 

code 2qcz). Ab | Solution structure of the BamE homologue OmlA from Xanthomonas 
axonopodis pathovar citri33 (PDB code 2pxg). Ac | Crystal structure of cytoplasmic dynein 
light chain from Drosophila melanogaster35 (PDB code 2pg1) (Z score = 3.8 and the root 
mean square deviation (RMSD) of Cα = 2.7 Å; the RMSD values were calculated against 
BamA POTRA

1
 using the program Dali). Ad | Crystal structure of a β-lactamase inhibitory 

protein domain from Streptomyces clavuligeris34 (PDB code 2g2u). Ae | Crystal structure 
of FtsQ residues 58–126 from E. coli36 (PDB code 2vh1) (Z score = 8.2; RMSD of Cα = 1.8 Å). 
 b | Crystal structure of the E. coli BamA POTRA

1–4 
(REF. 29) (PDB code 2qcz). For monomer 

1, POTRA
1
 is coloured blue, POTRA

2
 is coloured red, POTRA

3
 is coloured green and 

POTRA
4
 is coloured yellow. For the carboxyl termini, POTRA

5
 truncation is coloured cyan 

and monomer 2 is coloured grey. c | NMR solution structure ensemble30 of E. coli BamA 
POTRA domains 1 and 2 (PDB code 2v9h). The ensemble of the 20 lowest energy 
structures is superimposed on the POTRA

2
 domain. D | A model of the POTRA

1–5 

construct from small angle X-ray scattering30. E | Crystal structure of FhaC32 (PDB code 
2qdz) (Dali alignment of FhaC periplasmic domains to BamA POTRA

1
: Z score = 5.6 and 

7.6 and RMSD of Cα = 2.5 and 1.4 Å, respectively). β-barrel, yellow; POTRA
1
, blue; 

POTRA
2
, red; amino-terminal α-helix, green.
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the ability to assemble OMPs9,12. Furthermore, BamC is 
not ubiquitous throughout Gram-negative bacteria, as 
no homologue has been found in any of the alphapro-
teobacteria for which genomes have been sequenced. 
BamC also lacks significant similarity to any protein of 
known structure, suggesting that it possesses novel folds 
or features.

BamE is present in all alpha-, beta- and gammapro-
teobacteria. Although BamE is not an essential BAM 
subunit, null mutants exhibit OMP folding defects 
and increased sensitivity to agents such as rifampicin 
and SDS, reflecting a compromised barrier function18. 
The structure of a BamE homologue, OmlA, from 
Xanthomonas axonopodis, has been determined33. As 
in E. coli, OmlA is required for outer membrane integ-
rity and consists of a POTRA-like fold, although the 
order of secondary structural elements differs. There 
are currently no functional data on this protein except 
for the phenotype observed on its deletion. however, 
its similarity to the POTRA fold suggests it may be 
able to bind nascent OMPs or other BAM components 
using β-augmentation. The exposed β-strands in OmlE 
(BamE), like those in BamB, seem to be well suited for 
β-augmentation and could also assist in binding and 
folding nascent OMPs. The independent binding of 
these two accessory proteins to BamA might reflect 
the processing of different OMP subsets, with BamC–E 
functioning in one pathway, and BamB in another.  

BAM interactions with periplasmic chaperones
The roles of the BAM accessory components remain 
enigmatic. however, they could either function as inde-
pendent chaperones or as docking sites for periplasmic 
chaperones that carry nascent OMPs. Both putative 
functions would enable transfer of the OMPs to the 
BAM complex9. In the docking site model, release of the 
chaperone back into the periplasmic pool could then 
trigger the BAM complex to fold the protein into the 
outer membrane (FIG. 1). Although several periplasmic 
chaperones are present, DegP, SurA and Skp have been 
implicated as the major factors that transport and target 
OMPs from the Sec machinery to the BAM complex53. 
Paradoxically, DegP has both protease and chaperone 
activity and is regulated in a temperature-dependent 
manner54,55. SurA is a member of the peptidyl-prolyl 
isomerase family, but also has general chaperone activ-
ity and shows outer membrane permeability defects on 
depletion56. Skp is a general chaperone that has been 
shown to bind denatured OMPs, but not denatured peri-
plasmic or cytosolic proteins57. Previous double knock-
out experiments have revealed functional redundancy 
among these chaperones, suggesting that Skp and DegP 
function in one pathway, whereas SurA acts in a separate, 
parallel pathway8–10. Both SurA and Skp have been shown 
to interact with OMPs as they leave the Sec translocon; 
for SurA this was revealed by kinetic analysis of LamB 
assembly, which suggested that SurA interacts before sig-
nal sequence cleavage58. By contrast, direct interaction 
of Skp with OmpA and PhoE was observed while the 
OMPs were still in complex with the Sec translocon59,60. 

however, only SurA has been shown to interact with 
the BAM complex, either directly or through a substrate 
protein, and does so in a manner that is independent of 
BamB8,19. No direct evidence for the binding of Skp or 
DegP has been presented, although deletion studies have 
shown that a ∆bamC mutant exhibited genetic interac-
tions that were similar to those of a skp–degP double 
knockout, whereas a bamC–surA knockout produced a 
synthetic lethal phenotype, prompting the proposal that 
BamC is part of the Skp–DegP folding pathway9.

Sklar et al. suggest that the SurA pathway is primarily 
responsible for the assembly of most OMPs, whereas Skp 
and DegP rescue those that have fallen off the normal 
assembly route8. This would explain why in a surA, skp 
or degP depletion strain, OMP levels are reduced but 
not abolished8 and why depletion of surA produces a 
more drastic effect on OMP biogenesis than either skp 
or degP. however, this model does not explain why only 
Skp has been shown to cross link to OmpA and PhoE on 
entering the periplasm from the Sec machinery59,60. It is 
more plausible, although less elegant, that certain OMPs 
are specifically recruited to the SurA pathway, whereas 
others are designated for the Skp–DegP pathway.

A bamB–surA double knockout was previously 
shown to exhibit a synthetic lethal phenotype9, which 
suggested that BamB functions in concert with the 
Skp–DegP pathway, an observation that is consistent 
with the BamB-independent binding of SurA to the 
BAM complex19. however, a recent study by Typas et al. 
suggests that the bamB–surA double knockout is only 
lethal under high growth conditions61, indicating that its 
previous lethality is not the result of an absolute require-
ment for one of the gene products but rather is due to a 
kinetic effect on OMP processing. In the absence of both 
BamB and SurA, OMP folding and insertion is dramati-
cally reduced but not completely abolished, implying 
that the observed phenotype is a cumulative effect of 
the loss of two non-redundant functions. Furthermore, 
a conditional lethal bamB–degP double knockout can-
not be rescued by either Skp or SurA, suggesting that 
there is little or no functional overlap between BamB 
and either Skp or SurA50. Interestingly, a bamB double 
knockout with another periplasmic chaperone, FkpA, 
a heat shock peptidyl-prolyl cis–trans isomerase62, also 
produces a synthetic lethal phenotype9. FkpA is asso-
ciated with the folding of soluble periplasmic proteins, 
such as the maltose-binding protein MalE, rather than 
with OMPs, although its substrate requirements are still 
not completely clear62. Taken together, these investiga-
tions suggest that BamB is involved in multiple periplas-
mic folding pathways9 and may function late in OMP 
biogenesis after an interaction of the chaperones with 
the BAM complex.

Proposed models of insertion
It is clear from the biochemical, genetic and struc-
tural studies discussed above that OMPs interact with 
periplasmic chaperones and the BAM complex before 
insertion into the outer membrane. however, the pre-
cise sequence of events and the route to the outer mem-
brane remains puzzling. There are several mechanisms 
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by which substrate OMPs might conceivably be inserted 
into the membrane (FIG. 1). In the pore-folding model, 
the BAM complex could function as a single mono-
meric complex and incorporate the nascent OMP into 
the β-barrel pore formed by BamA, while the periplas-
mic components of the complex act as targets for the 
periplasmic chaperones and thread the nascent OMP 
into the barrel core. In support of this model, BamA 
and its distant homologues exhibit pore activity that 
is responsive to substrate binding37,63,64. This activity 
seems to be modulated by the conserved extracellular 
loop close to the C terminus of the β-barrel, as dem-
onstrated by structural studies of FhaC63. In the FhaC  
crystal structure, this loop, together with the 
N-terminal helix, is buried in the barrel pore, form-
ing a 3 Å diameter channel. This contrasts with the 
8–10 Å pore estimated from membrane conductivity 
experiments and suggests that the channel-blocking 
components are dynamic and can vacate the barrel32,63. 
Other studies of this loop have shown that similar top-
ological rearrangements occur owing to co-expression 
of its substrate65. It therefore seems likely that BamA 
homologues involved in secretion, such as FhaC, expel 
components of the β-barrel core to clear a pathway for 
the translocation of substrate across the membrane. 
however, it is unlikely that the network of hydrogen 
bonds in the BamA β-barrel could rupture to allow 
lateral passage of the substrate OMP into the bilayer 
because of the structural destabilization required.

A derivative of this first model is the complex pore-
folding model. If the BAM complex does oligomerize 
in vivo, as has been suggested from BamA in vitro stud-
ies (still under debate), a central pore could be formed 
that is lined by BamA β-barrels. Local distortions in the 
lipid population could then favour assembly and inser-
tion of OMP structures into the membrane. Release of 
folded OMP into the membrane could then conceivably 
occur owing to the opening of the oligomeric assembly. 
In the complex pore-folding model, the periplasmic 
components of the BAM complex would help fold and 
deposit the protein directly into the membrane.

In a third model, the barrel-folding model, the BamA 
structure provides a surface onto which the interact-
ing OMP folds in the vicinity of the membrane27. This 
model, together with the complex pore-folding model, 
is supported by conductance studies that detected a 
closed, low-conductance channel that is not widened by 
substrate binding.

The final models for BAM complex function have 
arisen following the recent publication of multimeric 
DegP structures detected by both electron micros-
copy and X-ray crystallography66–68. Previous studies of 
DegP have shown that it can assume both trimeric and 
hexameric structures and that it predominantly adopts 
its hexameric form when inactive; indeed, this was the 
structure observed when its crystal structure was first 
determined69. however, it has recently been found that 
when presented with a substrate protein, DegP can 
form large 12- or 24-mer cage-like structures66–68 (FIG. 3). 
Krojer et al. showed that both the 12-mer and 24-mer 
DegP cage-like structures can be co-purified with sub-
strates such as OmpA, OmpC, OmpF and LamB, and 
that these proteins are folded and protected from degra-
dation, suggesting that DegP is a chaperone or carrier for 
folded rather than unfolded OMPs67. Visualization of the 
12-mer complex by electron microscopy reveals a folded 
OMP in the core of the DegP cage. Unfortunately, the 
bound OMP cargo in the 24-mer X-ray structure could 
not be resolved, perhaps owing to conformational and 
chemical heterogeneity. It is currently unclear whether 
the two cage forms adopt different functions in vivo, but 
in vitro the 24-mer cage that contained its OMP cargo was 
shown to have putative membrane attachment sites and 
indeed was shown to interact with lipid membranes.

In light of the discovery that DegP functions as a 
chaperone for folded OMPs, DegP could conceivably 
operate at two points in the OMP biogenesis pathway. 
In the chaperone folding model, DegP acts immedi-
ately after release of the nascent OMP from the Sec 
machinery and before its interaction with the BAM 
complex. Alternatively, in the accessory folding model, 
DegP acts following an interaction with the BAM com-
plex. We suggest that DegP, and potentially other peri-
plasmic chaperones, could actively fold the nascent 
OMPs by completely encapsulating and sequestering 
them away from the periplasm following their release 
from the Sec machinery. Thus, on delivery to the outer 
membrane, the BAM complex would only function in 
the insertion of the protein into the membrane rather 
than in its folding70. Krojer et al.67 speculate that these 
cage structures might actually be large enough to span 
the periplasmic space and interact with both the inner 
and outer membranes, and therefore function as a 
macropore, allowing the protected diffusion of OMP 
precursors from the inner membrane to the outer 
membrane. however, in this model, the interaction 
of SurA and Skp with the OMPs is difficult to envis-
age, as presumably such a macropore would exclude 
such proteins from the nascent OMP. We propose that 
a more rational explanation for the currently available 
data is the accessory folding model. In this model, 
the periplasmic chaperones, such as SurA, deliver 

Figure 3 | DegP cage structures. a | A ribbon model of the asymmetric DegP
12

–outer 
membrane protein (OMP) complex viewed along its approximate three-fold axis that was 
calculated using electron microscopy (EM). DegP

12
 is in grey, and an OmpC monomer 

(red) that was modelled from the EM density is shown in the central pore. b | A ribbon 
model of DegP

24
 that shows its overall architecture; the trimeric units are coloured 

differently. The molecule is shown along its four-fold axis.
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the nascent OMPs to the periplasmic components 
of the BAM complex, and then act in concert to fold 
the OMPs. Once folded, the OMPs could be guided 
into the outer membrane, possibly with the assistance 
of an additional periplasmic factor. The observation 
that unfolded OMPs are degraded owing to the pro-
tease activity of DegP, whereas folded OMPs are not, 
together with the observation of a folded OMP in the 
centre of the DegP cage, is compelling evidence for 
this model67. Furthermore, once loaded with its OMP 
cargo, DegP can interact directly with lipid67 and could 
potentially help insert the protein into the membrane. 
The use of DegP at this stage would be an ideal qual-
ity-control mechanism for the removal of misfolded 
proteins before their insertion into the membrane. In 
this model, the deletion of a single accessory factor or 
chaperone might not be lethal but would drastically 
impair the rate of OMP insertion into the outer mem-
brane, an observation that is supported by the current 
literature. Deletion of more than one accessory fac-
tor would severely compromise the kinetics of OMP 
insertion and could lead to a synthetic lethal effect.

Assembly of OMP oligomers?
Although we can now rationalize the involvement of 
the BAM complex in the assembly of most OMPs, the 
assembly of trimeric OMPs, such as TolC71, presents an 
interesting conundrum. TolC trimers form a β-barrel, to 
which each monomer contributes four β-strands, in the 
outer membrane71. TolC is dependent on BamA for its 
assembly, but how the BAM complex contributes to the 
formation of such oligomers is perplexing11. Could the 
complex hold one monomer and wait until the second 
and third monomers bind before folding and releasing 

the trimeric β-barrel? This seems implausible, as the 
BAM complex would need to prevent different trimeric 
OMP monomers, and potentially other nascent OMPs, 
from binding. An alternative mechanism is that the BAM 
complex simply folds and inserts each monomer into the 
membrane, and that formation of the trimeric OMP then 
occurs through diffusion. however, this in itself seems 
somewhat stochastic: all monomers presumably have 
similar β-strand binding surfaces within the membrane, 
and therefore monomers from different trimeric OMPs 
could potentially associate. If such a process does occur, 
we suggest that the BAM complex and other accessory 
proteins are more likely to be involved in orchestrating 
the process.

Concluding remarks
Considerable advances in the field of OMP biogenesis 
have been made over the past year. however, many 
questions remain. What are the precise roles of the 
accessory factors? What is the process of OMP inser-
tion: lateral passage through the BamA β-barrel, the 
use of annealing along the barrel surface or the use 
of accessory proteins? Where and how does SurA 
transfer bound nascent OMP to the BAM complex, 
and how can Skp–DegP take over the role of SurA in 
a ∆surA mutant? In the coming years it is likely that 
the structures of more members of the complex will 
be solved, further progressing our understanding of 
the mechanisms involved. however, determining the 
functional interactions that occur during OMP assem-
bly will be challenging owing to the complex pro-
tein and membrane interactions that pave the OMP 
assembly pathway and the diversity of the folding  
substrates that pass through them.
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