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Abstract: b-Barrel proteins found in the outer membrane of Gram-negative bacteria serve a variety

of cellular functions. Proper folding and assembly of these proteins are essential for the viability of

bacteria and can also play an important role in virulence. The b-barrel assembly machinery (BAM)
complex, which is responsible for the proper assembly of b-barrels into the outer membrane of

Gram-negative bacteria, has been the focus of many recent studies. This review summarizes the

significant progress that has been made toward understanding the structure and function of the
bacterial BAM complex.
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Introduction

In Gram-negative bacteria, proteins can be divided into

different categories according to their subcellular loca-

tion. These are cytosolic proteins, secreted proteins, in-

tegral membrane proteins (found either in the inner or

the outer membrane), periplasmic proteins (soluble

proteins in the periplasm, a peptidoglycan-rich space

between the inner and the outer membranes), periph-

eral membrane proteins that are temporarily associ-

ated with lipid bilayer, and finally lipoproteins, which

are soluble lipid-anchored proteins associated with the

inner or outermembrane.1,2

Biogenesis of all prokaryotic proteins begins in

the cytosol where they are first synthesized, but all

noncytosolic proteins use at least one or more trans-

location systems to reach their final destinations.

Depending on the protein, the folding of secreted

proteins and assembly of membrane proteins can

take place before, during, or after the translocation

process. In Gram-negative bacteria, one of the least

understood processes of membrane protein assembly

is that of outer membrane proteins (OMPs), which

are predominantly b-barrels.3 A significant break-

through came, however, with the identification of a

protein complex that catalyzes the coordinated

events of OMP membrane insertion and folding.

This protein complex is known as the b-barrel
assembly machinery (BAM) complex.3–6

Since its discovery, the BAM complex has

attracted much attention from the research commu-

nity mainly for its potential to serve as a novel anti-

biotic target, as well as the expectation that it will

advance our understanding of b-barrel membrane

protein biogenesis. The fact that systems homolo-

gous to the BAM complex exist in mitochondrial and

chloroplastic outer membranes of eukaryotes has
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further fueled the research effort.7,8 Here, we sum-

marize the great advances that have been made in

both the structural and functional understanding of

the bacterial BAM complex.

Bacterial Outer Membrane Proteins

The outer membranes of Gram-negative bacteria,

mitochondria, and chloroplasts all contain trans-

membrane b-barrel proteins known as OMPs as pre-

viously described (Fig. 1).3 Typically, OMPs consist

of an even number of b-strands, ranging from 8 to

24, that are arranged in an antiparallel fashion.3,9

Depending on the protein, OMPs may or may not

have soluble domains extending away from the

transmembrane b-barrel domain. The b-barrel
domains are formed by either a single chain of

amino acids or multiple chains assembled into one

large b-barrel [Fig. 1(A)]. For example, the trans-

membrane domain of the Escherichia coli multidrug

efflux pump TolC is formed by three monomers that

contribute four b-strands each to make a

12-stranded b-barrel.10 In other OMPs, oligomeriza-

tion of b-barrels may be required for function, such

as in the case of the E. coli phospholipase OmpLA

that is only functional upon dimerization.11

While most OMPs share common b-barrel archi-
tecture, they are functionally very diverse. Based on

their function, OMPs can fall into one of these six

categories: nonspecific porins, substrate specific

channels, translocons for substrate export, auto-

transporters, enzymes, and structural OMPs. Non-

specific porins allow passive diffusion of a variety of

small hydrophilic molecules.12,13 On the other hand,

substrate-specific channels allow the transport of

specific molecules, either through passive diffusion

or active transport (the latter which involves cooper-

ation with the TonB complex at the inner mem-

brane).13–15 Translocons include OMPs that are

involved in the export of proteins, drugs, and other

molecules, with examples including TolC as well as

members of the two-partner secretion system.16,17

Autotransporters cover the category of OMPs that

have a transporter domain embedded in the outer

membrane that secretes a passenger domain found

on the same polypeptide; this secreted protein is

usually a virulence factor, and thus, autotransport-

ers are commonly found in pathogenic strains of

Gram-negative bacteria.18 Enzymatic OMPs discov-

ered to date have functions that include proteases

and phospholipases.19 The final category includes

OMPs that contribute to the formation of the cell

wall, and thus play a structural role. These struc-

tural OMPs include proteins involved in peptidogly-

can formation, OMP assembly, as well as usher

proteins that transport and polymerize pili subunits

required at the bacterium’s exterior.15 Essentially,

OMPs assist the outer membrane to fulfill its role as

a protective physical barrier that regulates the traf-

fic of molecules across the lipid bilayer. Further-

more, some OMPs play direct roles in virulence,

extending the importance of studying bacterial

OMPs and their biogenesis to medical interest.

Bacterial OMP Biogenesis
Bacterial OMP biogenesis begins in the cytosol where

OMPs are synthesized with a cleavable N-terminal

signal sequence that targets them to the inner mem-

brane.20–22 Once there, the OMPs are translocated

across the membrane via the Sec translocation sys-

tem into the periplasm [Fig. 2(A)].1,20 Removal of the

N-terminal signal sequence by signal peptidase I

(SPase I) releases the OMPs from the inner mem-

brane.1,23,24 The released OMPs are then transported

across the periplasmic space to the outer membrane

via either the SurA pathway or the Skp/DegP

Figure 1. Outer membrane proteins (OMPs) are found predominantly as b-barrels. A: Some examples of OMPs from different

Gram-negative bacteria are shown. OMPs can be found either as a monomer (e.g., Pla from Yersinia pestis; PDB: 2X55), an

oligomer where each subunit creates its own b-barrel (e.g., OmpLA from Escherichia coli and OprP from Pseudomonas

aeruginosa; PDB: 1QD6 and 2O4V), or an oligomer where the multiple subunits come together to form one b-barrel (e.g., TolC
from E. coli; PDB: 1EK9). B: OMPs share a conserved sequence of hydrophobic and aromatic residues at their C-terminus. A

sequence alignment of the last 20 residues of E. coli OMPs PhoE (UniProt ID: P02932), BtuB (P06129), FadL (P10384), OmpT

(P09169), OmpC (P06996), OmpF (P02931), OmpLA (P0A921), BglH (P26218), and LamB (B7UPJ7) is shown. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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pathway.25–27 SurA, Skp, and DegP are periplasmic

chaperones that keep the proteins in a protected

unfolded state to prevent misfolding and aggrega-

tion.28,29 Studies have shown that the two pathways

function in parallel and that cells are viable when ei-

ther one of the pathways are missing.25,26 It has been

suggested that the SurA pathway plays a more im-

portant role under normal conditions and that the

role of the Skp/DegP pathway becomes more impor-

tant when the cells are under stress.26 Regardless of

the pathway taken, the journey of all OMPs ends at

the outer membrane, their final destination.

Once at the outer membrane, protein folding and

membrane insertion take place in concert to complete

the OMP maturation. In vitro studies show that

OMPs are able to fold and insert themselves spontane-

ously into synthetic phospholipid bilayer membranes

without help from any proteinaceous machinery.30–32

This suggests that OMP folding does not require an

external energy source and that the information for

folding is encoded in their amino acid sequence. How-

ever, the folding occurs too slowly in vitro to be biologi-

cally relevant, and hence, in vivo OMP folding and

membrane insertion require proteinaceous machinery

known as the BAM complex to increase the kinetics of

the whole process.32 Absence of the BAM complex

results in misfolded OMPs aggregating in the peri-

plasm, eventually leading to cell death.33,34 The OMP

substrates are recognized by the BAM complex via

their C-terminal targeting signal that has a consensus

sequence of X-Z-X-Z-X-Z-Tyr-Z-Phe/Trp, where X is

hydrophobic and Z is any amino acid [Fig. 1(B)].35–38

The exact consensus sequence varies slightly from one

bacterial species to another, and the BAM complex of

one species is only capable of recognizing the OMPs

from the same species.36 OMPs, along with lipopro-

teins, account for �50% of the outer membrane

mass.39 Table I lists the E. coli OMP substrates that

have been shown to require the BAM complex for

Figure 2.

Figure 2. The E. coli BAM complex and homologous

systems. In both Gram-negative bacteria and eukaryotes,

outer membrane b-barrel proteins are first synthesized in

the cytosol of the cell and then targeted to either the inner

membrane (bacteria) or the proper organelle (mitochondria

or chloroplasts). This figure compares the three pathways

as the unfolded substrate protein (yellow curve) is directed

by associated translocons (green) to the assembly complex

consisting of the core BamA homologue (pink) and

accessory proteins (purple), to form the final folded b-barrel
(yellow cylinder). For simplicity, other proteins and

chaperones involved in the pathways are not shown. A: The

E. coli b-barrel assembly machinery (BAM) complex

consists of membrane embedded BamA, and four

accessory lipoproteins: BamB, C, D, and E. Substrate

proteins cross the inner membrane via the Sec translocase

and travel through the periplasmic space before being

assembled by the BAM complex at the outer membrane. B:

In the mitochondrial system, the substrate proteins enter

via the translocase of outer mitochondrial membrane (TOM)

and are assembled by the sorting and assembly machinery

(SAM) complex. The BamA homologue is Sam50, which

works together with cytosolic proteins Sam35 and Sam37

for insertion of OMPs into the outer mitochondrial

membrane. C: In chloroplasts, the translocons at the outer

and inner envelopes of chloroplasts (TOC/TIC complexes)

are believed to be involved in assembly of OMPs. The

BamA homologue is Toc75-V, with accessory proteins yet

to be identified. It is unclear if the substrate proteins travel

to the stroma before being assembled (blue arrows) or if

they are directly assembled into the outer envelope

membrane from the cytosol (red arrow). [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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proper assembly into the outer membrane. Other E.

coli b-barrel OMPs not listed in Table I are also likely

to require the BAM complex. It should be noted that

some OMPs have been shown to assemble independ-

ently of the BAM complex. These proteins include

Wza that is unique in that it spans the outer mem-

brane by forming a-helices49 and PulD, which lacks

the conserved C-terminal aromatic residue.50

BAM Complex: The b-Barrel Assembly
Machinery

The first discovered component of the BAM complex is

the only integral membrane protein in the complex,

known as BamA.4 It was first identified in Neisseria

meningitidis, but its homologues are found in all Gram-

negative bacteria, as well as in the mitochondria and

chloroplasts of eukaryotes.51,52 Later on, it was discov-

ered that BamA associates with various numbers of

accessory proteins to form a larger complex known as

the BAM complex in Gram-negative bacteria,53,54 sort-

ing and assembly machinery (SAM) complex in mito-

chondria,33,51 and translocon at the outer envelope of

chloroplasts (TOC) complex in chloroplasts55 (Fig. 2).

In the E. coli BAM complex, BamA is associated

with four lipoproteins: BamB, BamC, BamD, and

BamE [Fig. 2(A) and Table II].53,54 Unlike BamA that

spans the outer membrane with its b-barrel domain,

the lipoproteins (BamB/C/D/E) are anchored to the

inner leaflet of the outer membrane via lipidation of

the invariant cysteine residue at their mature N-ter-

mini (once processed by SPase II).75 Mutagenesis and

co-immunoprecipitation studies suggest that BamA

associates with BamB independently from BamC/D/

E,40,56 but the exact oligomeric state of the BAM com-

plex is as yet unclear. Although size exclusion chro-

matography and native gel analysis show that BamA

may form a tetramer,36 a functional unit of the BAM

complex reconstituted in proteoliposomes in vitro was

shown to have a BamA:B:C:D:E ratio of 1:1:1:1:1(or

2).41,76 In any case, the BAM complex is most efficient

when all five components are present.41,56 Although

cells cannot tolerate genetic deletion of BamA or

BamD, lack of BamB, BamC, or BamE leads to nonle-

thal yet noticeable defects in OMP assembly.54,77–79

In the mitochondrial system, the OMPs destined

for the outer mitochondrial membrane are imported

via the translocase of outer mitochondrial membrane

and enter the intermembrane space, where they are

transported to the outer membrane for assembly by

the SAM complex [Fig. 2(B)]. The primary compo-

nent of this complex is Sam50 (the BamA homo-

logue) which contains only one polypeptide transport

associated (POTRA) domain facing the intermem-

brane space. Interestingly, Sam50 works together

Table I. E. coli OMP Substrates Used in the BAM Complex Studiesa

Substrate
UniProt

ID
No. of

b-strands
MW
(kDa)

Oligomeric
state Function PDB ID Reference

OmpA P0A910 8 37.2 Dimer Porin and
receptor

1BXW, 1G90, 1QJP,
2GE4, 2JMM

40

OmpT P09169 10 35.6 Possible
pentamerb

Protease 1I78 41

Ag43 P39180 12c 106.8 Monomerd Autotransporter (Unsolved) 42
AIDA-I Q03155 12c 132.3 Monomerd Autotransporter (Unsolved) 43
Hbp O88093 12 148.3 Monomerd Autotransporter 1WXR, 3AEH, 3AK5 44
Intimin P43261 12c 101.8 Dimer Autotransporter (b-Barrel unsolved) 45
Pet O68900 12c 139.8 Monomerd Autotransporter (Unsolved) 42
TolC P02930 12 53.7 Trimer Transporter 1EK9, 1TQQ, 2VDD,

2VDE, 2WMZ, 2XMN
40

OmpC P06996 16 40.4 Trimer Porin 2J1N, 2J4U, 2XE1, 2XE2,
2XE3, 2XE5, 2XG6

40

OmpF P02931 16 39.3 Trimer Porin 1BT9, 1GFM, 1GFN,
1GFO, 1GFP, 1GFQ,
1HXT, 1HXU, 1HXX,
1MPF, 1OPF, 2OMF,
2ZFG, 2ZLD, 3FYX,
3HW9, 3HWB, 3K19,
3K1B, 3O0E

40

PhoE P02932 16 38.9 Trimer Porin 1PHO 36
LamB P02943 18 49.9 Trimer Porin 1AF6, 1MAL, 1MPM,

1MPN, 1MPO, 1MPQ
40

FimD P30130 24 96.5 Dimer Transporter 1ZDV, 1ZDX, 1ZE3,
3BWU, 3OHN, 3RFZ

46

a This table only lists E. coli OMPs that have been shown to require the BAM complex for correct assembly. Although not
listed here, it should be noted that OMPs from other species of Gram-negative bacteria such as PilQ and PorA from N.
meningitidis have been used in the functional studies of the BAM complex.4
b Gel filtration analysis of OmpT suggests possible pentamer formation.47
c Based on currently available structures, most autotransporters are predicted to have 12-stranded b-barrels.
d These proteins have been classified as monomeric proteins.48
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with cytosolic proteins Sam35 and Sam37 that are

essential for the function of the SAM complex, but

no homologues have yet been found in bacteria.

Sam35 appears to be important for substrate recog-

nition, whereas Sam37 is involved in the release of

the substrate from the complex.80,81

The homologous pathway in chloroplasts is less

understood. It was proposed that the substrate pro-

teins may first be imported into the stroma via the

translocons at the outer and inner envelopes of

chloroplasts (the TOC/TIC complexes), and then sent

back to the outer envelope membrane for assembly

by the BamA homologue, Toc75-V [Fig. 2(C), blue

arrows].82 However, recent research suggests that

the three POTRA domains of Toc75-V may be facing

the cytosol, and hence, it is possible that Toc75-V

may assemble the b-barrels directly from the cytosol,

without using the TOC/TIC pathway [Fig. 2(C), red

arrow].83 The accessory proteins involved with

Toc75-V have yet to be identified.

The exact molecular mechanism by which the

BAM complex facilitates OMP folding and insertion

remains poorly understood. However, a flux of new

structural and biochemical information that has

emerged in recent years suggests possible roles for

each component of the BAM complex, and also pro-

vides a firm platform upon which further experi-

ments can be designed. Below are the summaries of

what is known about the structure and function of

each BAM complex protein.

BamA

BamA belongs to a protein superfamily known as

Omp85.4,52 The Omp85 superfamily includes other

proteins whose functions are closely associated with

protein translocation, as well as BamA homologues

Table II. Components of the E. coli BAM Complex

Protein
name

Length
(aa)

MW
(kDa)

UniProt
ID

Structure

PDB ID Description Resolution Space group References

Membrane
protein

BamA 810 90.6 P0A940 2QDF POTRA 1-4 (E. coli) 2.20 P 21 21 2 48
2QCZ POTRA 1-4 (E. coli) 2.70 P 21 21 2 48
3EFC POTRA 1-4 (E. coli) 3.30 P 31 2 1 56
3OG5 POTRA 4-5 (E. coli) 2.69 P 32 2 1 57
3Q6B POTRA 4-5 (E. coli) 1.50 C 2 58
2V9H POTRA 1-2 (E. coli) NMR structure 59
3MC8 POTRA 1-3

(Anabaena sp.)
2.59 P 43 21 2 60

3MC9 POTRA 1-3
(Anabaena sp.)

2.20 P 63 60

2X8X POTRA 1-3
(Thermosynechococcus
elongates)

1.97 I 4 3 2 61

2QDZ FhaC (homologue from
Bordetella pertussis)

3.15 C 2 2 21 62

Lipoproteins BamB 391 41.7 P77774 2YH3 E. coli 2.60 P 43 21 2 63
3PRW E. coli 1.80 I 2 2 2 64
3PIL E. coli 2.60 P43 21 2 65
3Q7M E. coli 1.65 I 2 2 2 66
3Q7N E. coli 1.77 P 21 21 21 66
3Q7Q E. coli 2.09 P 21 3 66

BamC 344 36.8 P0A903 2YH5 C-terminal domain 1.25 P 21 63
2YH6 N-terminal domain 1.55 P 1 63
3SNS C-terminal domain 1.50 H 3 67
3TGO Unstructured N-terminus

and the N-terminal
domain in complex
with BamD

2.90 I 1 2 1 68

2LAE C-terminal domain NMR structure 69
2LAF N-terminal domain NMR structure 69

BamD 245 27.8 P0AC02 2YHC E. coli 1.80 P 21 63
3QKY Homologue from

Rhodothermus marinus
2.15 H 3 70

3TGO E. coli BamD in complex
with BamC

2.90 I 1 2 1 71

BamE 113 12.3 P0A937 2YH9 E. coli 1.80 C 2 63
2KXX E. coli NMR structure 72
2KM7 E. coli NMR structure 73
2PXG OmlA (homologue from

Xanthomonas
axonopodis pv. citri)

NMR structure 74
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in mitochondria (Sam50) and chloroplasts (Toc75-V)

(Fig. 2).8,84 All Omp85 proteins consist of a trans-

membrane b-barrel domain at the C-terminus and a

varying number of POTRA domains at the N-termi-

nus.8 Most bacterial BamA homologues contain five

POTRA domains, whereas Toc75-V of chloroplasts

has three and Sam50 of mitochondria has one [Fig.

4(E)].51,61,85

In E. coli, BamA is predicted to form a 16-

stranded b-barrel that spans the outer membrane.

BamA exhibits a channel activity when reconstituted

in planar lipid membranes, and the channel conduc-

tivity has been shown to increase upon binding

denatured OMPs.86 Although the b-barrel structure

of BamA is not known, it is expected to look similar

to that of FhaC (13.5% sequence identity), an

Omp85 protein that mediates secretion of filamen-

tous hemagglutinin (FHA) in Bordetella pertussis.

The crystal structure of FhaC shows that its b-barrel
is composed of 16 anti-parallel b-strands, with a

long conserved loop folding over into the pore [Fig.

4(D)].63 The tip of the loop contains a conserved

sequence (VRGY) that is exposed to the periplasm in

its folded form.63,87 Mutating the conserved VRGY

tetrad sequence of FhaC significantly reduces its

ability to secrete FHA,88 suggesting it is functionally

important. It is currently not understood exactly

how the conserved loop facilitates the protein trans-

location mechanism. Because the same conserved

loop is found in BamA [Figs. 3 and 4(E)], it may also

play an important role in the function of BamA.

All Gram-negative bacterial BamA proteins

have up to five POTRA domains at their N-termini,

numbered 1–5 in the N- to C-terminus direction

[Fig. 4(A,E)]. Although proteobacteria have five

POTRA domains, cyanobacteria have three.62 The

POTRA domains extend away from the b-barrel do-
main into the periplasm.89 In E. coli, the five

POTRA domains, despite low sequence similarity,

have the same overall structure with each domain

consisting of a three-stranded b-sheet and two a-hel-
ices.34,90 The protein–protein interaction interfaces

between adjacent POTRA domains keep POTRA1-2

and POTRA3-4-5 rigid; however, a flexible linker

between POTRA2 and POTRA3 results in the

POTRA domains existing either in a bent or an

extended form [Fig. 4(B)].56,58 The functional impli-

cation of this conformational flexibility is not known,

and there are conflicting data on which POTRA

domains are essential. Although POTRA3, 4, and 5

are required for cell viability in E. coli,56 only

POTRA5 is essential in N. meningitidis.91

The exact roles of the POTRA domains are not

clear, but experimental evidence suggests that they

serve as docking sites for the BamB/C/D/E lipopro-

teins and have chaperone-like function for the sub-

strates.56 In E. coli, a deletion analysis of the

POTRA domains has shown that POTRA2-5 are

required for BamB association and POTRA5 is

required for BamC/D/E association.56 POTRA1, on

the other hand, has been shown to interact with

SurA, a major periplasmic chaperone.92 Ability of

the POTRA domains to bind unfolded OMPs has

been demonstrated by an NMR titration analysis

that showed b-strands with varying sequences

derived from PhoE, a BAM complex substrate, bind

to the POTRA domains.60

How do POTRA domains of BamA interact with

the other components of the BAM complex and the

substrates? Based on crystal packing analysis, it has

been proposed that exposed b-strands of POTRA

domains can interact with strands from other pro-

teins, via a process known as b-augmentation.56,61,89

b-Augmentation is a mode of protein–protein interac-

tion where a b-strand of one protein is added to an

existing b-sheet of another protein.93 This hypothesis

of POTRA domains interacting with substrates via b-
augmentation is supported by the observation that

an exposed b-strand of POTRA3 is involved in form-

ing one of the crystal packing contacts via b-augmen-

tation [Fig. 4(C)].56,57 Inducing a change in the back-

bone conformation of the same b-strand of POTRA3

abolishes its ability to interact with BamB,56 imply-

ing that BamA and BamB may interact via b-aug-
mentation. Also, an NMR titration study showed

that b-strands of PhoE bind along the exposed edges

of the b-sheets of POTRA1 and POTRA2.60 It has

been suggested that conformational change of the

POTRA domains from the extended to the bent state

(when it is bound to an unfolded OMP) could facili-

tate formation of b-hairpins in the substrate.57 How-

ever, more concrete experimental evidence is needed

to validate if this is how the POTRA domains inter-

act with other proteins in vivo.

BamB
Among all the lipoprotein members of the BAM com-

plex, BamB is functionally and structurally the most

well characterized. Although BamB is not essential

for cell viability, OMP assembly is significantly

reduced in its absence.78,94 BamB and SurA (a peri-

plasmic chaperone) deletion mutants are almost indis-

tinguishable from each other in phenotype,95 suggest-

ing that BamB may work in the SurA pathway to

facilitate the delivery of b-barrel precursors to BamA.

Accordingly, simultaneous absence of BamB and SurA

results in a synthetic lethal phenotype.78 BamB shows

synthetic lethality also with deletion of DegP, a chap-

erone/protease that works in the Skp/DegP pathway

that is thought to ‘‘rescue’’ proteins falling off the

SurA pathway.94 Taken together, these results imply

that BamB is involved in the earlier steps of OMP as-

sembly. As the protein is not essential, it is unlikely

for BamB to be involved in substrate recognition and

more likely for it to be involved in the delivery of

b-barrel precursors to BamA.
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As the OMPs that are most affected by BamB

deletion are relatively large (16–24 stranded b-bar-
rels), it has been suggested that BamB could aid

BamA function by increasing the substrate binding

capacity.65 Structural analysis of BamB provides

clues for where potential substrate and BamA

Figure 3. Sequence alignment of BamA. A sequence alignment is shown of E. coli BamA (UniProt ID: P0A940) with

homologues from Yersinia pestis (Q8ZH58), Vibrio cholerae (Q9KPW0), Haemophilus influenzae (O32625), and Pseudomonas

aeruginosa (Q9HXY4). Red boxes show absolutely conserved residues, red text shows similar residues, and blue boxes show

stretches of similar residues. The secondary structure of the POTRA domains is shown above the sequence. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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binding sites are located. BamB forms an eight-

bladed b-propeller structure, with a four-stranded

anti-parallel b-sheet making up each blade

(Fig. 5).65–67 The blades are arranged in a ring-like

structure, and the neighboring blades are connected

by long loops. Conserved residues are found concen-

trated on one face of the b-propeller structure, and

this area contains residues that have been shown by

a mutagenesis study to be important for BamA

interaction [Fig. 5(D)].96 Crystal contacts are

observed on the exposed outermost b-strands of the

blades.65 Because BamB has eight blades, there are

eight exposed outermost b-strands that could poten-

tially make protein interactions via b-augmentation.

There has not been a study yet examining the ability

of BamB to bind b-barrel precursors. However, if the

function of BamB does indeed involve substrate

binding, it could provide multiple binding surfaces

for substrates with a larger number of b-strands.
Also, as BamB physically interacts with POTRA2-4,

these potential binding sites could be the additional

contact points between BamB and BamA.

BamC

Similar to BamB, absence of BamC results in

impairment of OMP assembly, although not as

severe. Mutants lacking BamC display outer mem-

brane permeability defects and reduced levels of

OMPs in the outer membrane.77 Limited proteolysis

experiments suggest that BamC has two independ-

ently folded domains (N- and C-terminal domains),

preceded by a long (�70 residues) unstructured

N-terminus (Fig. 6).68,97,98 The two folded domains

have the same helix-grip folds despite low sequence

identity (12%), and they are connected by a highly

flexible linker.64,70 The N-terminus of BamC lacks

Figure 4. Structural features of BamA. BamA forms the core of the BAM complex and is the only component that spans the

outer membrane. A: The domain structure of BamA shows an N-terminal periplasmic region that contains five POTRA

domains along with a C-terminal transmembrane domain. The exact boundaries of the transmembrane domain are not known

as the structure has yet to be determined, but the b-barrel is predicted to begin around Ser425. B: Ribbon diagrams of the

POTRA1-4 and POTRA4-5 domains are shown. The structures for POTRA1-4 show the possibility for bent and extended

conformations. C: A close up view of POTRA3 is shown, where an exposed b-strand is involved in making a crystal contact.

This suggests the possibility of POTRA3 interacting with substrates or other BAM components via a process known as

b-augmentation. D: The structure of FhaC from Bordetella pertussis shows the presence of only two POTRA domains, as well

as a helix that can insert itself inside the b-barrel. The conserved long loop is highlighted in red. E: A domain structure

comparison is shown for the BamA homologues from bacteria and eukaryotes. BamA (Escherichia coli, UniProt ID: P0A940)

and Omp85 (Neisseria meningitidis, Q9K1H0) have five POTRA domains, whereas Toc75-V (in chloroplasts of Arabidopsis

thaliana, Q9C5J8) has three, FhaC (Bordetella pertussis, P35077) has two, and Sam50 (in mitochondria of Saccharomyces

cerevisiae, P53969) only has one. Cluster analysis of the different POTRA sequences suggests that POTRA1 of BamA,

Omp85, and Toc75-V are closely related (red), whereas POTRA1 of FhaC is similar to POTRA2 of Toc75-V (cyan). The POTRA

domains nearest to the membrane, for all homologues except FhaC, are closely related to each other (purple).62 The

important VRGY motif seen in the transmembrane domain of FhaC is also conserved among the other homologues. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Structural features of BamB. A: A sequence alignment is shown of E. coli BamB (UniProt ID: P77774) with

homologues from Salmonella typhimurium (F5ZUU9), Yersinia pestis (G0JC13), Proteus mirabilis (C2LHZ8), and Vibrio cholerae

(F9ADD9). Red boxes show absolutely conserved residues, red text shows similar residues, and blue boxes show stretches of

similar residues. The secondary structure is shown above the sequence. B: The domain structure of BamB shows the

presence of eight domains that together form the b-propeller structure. Note that residues 46–50 form a strand that is a part

of blade 8, both shown in gray. C: Ribbon diagram of BamB shows the eight-bladed b-propeller structure, with each blade

numbered as in (B). The N- and C- terminus come to together to form blade 8 (gray). D: Conserved residues are shown as

spheres and are found clustered on one face of the b-propeller structure. These residues are believed to be important for

interaction with BamA. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Structural features of BamC. A: A sequence alignment is shown of E. coli BamC (UniProt ID: P0A903) with

homologues from Salmonella typhi (Q83T79), Klebsiella pneumoniae (B5XVM8), Yersinia pestis (D1TUX3), and Vibrio cholerae

(Q9KQ48). Red boxes show absolutely conserved residues, red text shows similar residues, and blue boxes show stretches

of similar residues. The secondary structure is shown above the sequence. B: The domain structure of BamC shows the

presence of three domains: an unstructured region at the N-terminus followed by two domains known as the N-terminal

domain and the C-terminal domain. The C-terminal domain (pink) was solved separately and shows to have a similar helix-

grip fold as the N-terminal domain (green). C: The BamC unstructured region (light blue) and N-terminal domain (green) was

co-crystallized with BamD. The resulting structure shows the unstructured region to form a long loop that interacts with

BamD (shown in beige). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Structural features of BamD. A: A sequence alignment is shown of E. coli BamD (UniProt ID: P0AC02) with

homologues from Yersinia pestis (G0JE21), Candidatus Regiella insecticola (E0WTN2), Vibrio cholerae (D0I076), and

Haemophilus influenzae (E4QXC3). Red boxes show absolutely conserved residues, red text shows similar residues, and blue

boxes show stretches of similar residues. The secondary structure is shown above the sequence. B: The domain structure of

BamD shows the presence of five TPR motifs. C: The ribbon diagram of the BamD structure is shown. Ten helices form the

five TPR motifs which are numbered as in (B). D: (Left) A close up of the BamCD binding site is shown, where BamC (green)

binds to a region of BamD (gray) that superimposes with the binding sites of the structural homologues. (Right) Superposition

of BamD (gray), PcrH99 from Pseudomonas aeruginosa (purple), HOP100 from Homo sapiens (pink), and PEX5101 from Homo

sapiens (blue) show high structural similarity. These structural homologues are involved in binding to protein targeting

sequences. The binding sites of these proteins are individually shown as surface models with substrate peptides as stick

models. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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secondary structural elements, as shown both via

NMR chemical shift analysis and crystallographic

analysis.69,98 Thus, BamC forms a modular structure

exhibiting conformational flexibility.

It is currently unclear what role BamC plays in

the BAM complex. Interestingly, a multiple sequence

alignment shows that the unstructured N-terminus

is the most conserved region, followed by the C-ter-

minal domain [Fig. 6(A)]. A co-crystal structure of a

BamC construct (the unstructured region and the N-

terminal domain) with full length BamD reveals

that the conserved N-terminus of BamC is important

for the formation of the BamCD subcomplex [Fig.

6(C)].69 Furthermore, the unstructured N-terminus

is observed to bind BamD in a region that is pro-

posed to interact with the outer membrane targeting

sequence of b-barrel precursor substrates [Fig. 7(D)],

suggesting the possibility of BamC playing a regula-

tory role.69,71,97 In the C-terminal domain of BamC,

the conserved residues are found clustered in a

groove that could potentially be a site of protein

interaction.68 This may be an additional binding site

for BamD or perhaps other BAM protein compo-

nents. Further biochemical studies are needed to

examine if the function of BamC is associated with

regulating the substrate binding ability of BamD.

BamD

Like BamA, BamD is absolutely essential for proper

OMP assembly and its absence results in cell

death.40,78 It is also the most highly conserved among

the BAM lipoproteins, implying that it serves a vital

function for the BAM complex. Mutagenesis data

combined with pull-down assays show that BamD

interacts with BamA via the POTRA5 domain (the

POTRA domain closest to the membrane),56 and with

other BAM lipoproteins, namely, BamC and

BamE.40,54

Figure 8. Structural features of BamE. A: A sequence alignment is shown of E. coli BamE (UniProt ID: P0A937) with

homologues from Salmonella typhi (Q8XF17), Yersinia pestis (G0JGU1), Haemophilus influenzae (P44057), and Vibrio cholerae

(P0C6Q9). Red boxes show absolutely conserved residues, red text shows similar residues, and blue boxes show stretches

of similar residues. The secondary structure is shown above the sequence. B: The ribbon diagram of a BamE monomer

shows the presence of an unstructured N-terminus as well as a long flexible loop between strands b1 and b2. C: The ribbon

diagram of a BamE dimer shows how the two monomers (shown in pink and green) exchange a-helices to form a domain-

swapped dimer. D: The residues previously identified to be important for lipid binding are shown in yellow, and those

important for BamD interaction are shown in dark pink on the surface diagrams of the BamE monomer (left) and the dimer

(right). The residues shown in dark gray are important for both lipid and BamD interactions. The protein structures are shown

in the same orientations as in (B) and (C). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Presently, existing data suggests BamD may act

as an initial substrate recognition protein that binds

the C-terminal targeting sequence on the b-barrel
precursors.64,71 BamD, which is predominantly a-
helical and consists of five tetratricopeptide repeat

(TPR) motifs [Fig. 7(B,C)], shares structural similar-

ity with other proteins whose functions involve bind-

ing to targeting sequences [Fig. 7(D)].64,69,71 A

pocket formed by the N-terminal half (TPR1-3) of

BamD superimposes very closely with the binding

pockets of the other proteins where targeting signal

sequences in extended conformations bind [Fig.

7(D)]. Furthermore, a truncated form of BamD con-

sisting only of TPR1-3 has been shown to crosslink

with synthetic peptides harboring the C-terminal

targeting sequence.64 While these data favor the hy-

pothesis that the N-terminal binding pocket of

BamD functions in targeting signal recognition, the

recently solved BamCD subcomplex crystal structure

revealed that the unstructured N-terminus of BamC

binds to the exact same pocket of BamD [Figs. 6(C)

and 7(D)].69 It is clear from the BamCD structure

that BamD will not be able to bind targeting signal

sequence, at least in the proposed binding pocket, as

the pocket is completely occluded by BamC. Never-

theless, the structural similarity between BamD and

those of other targeting signal recognition proteins

is conspicuous, which gives rise to a question of

whether the substrate binding activity of BamD is

regulated by BamC interaction.

BamE

BamE is the smallest and the most recently discov-

ered component of the BAM complex. It is not an

essential member of the complex, but the loss of

BamE causes mild OMP assembly defects.54,102 Fur-

thermore, the stability of the BAM complex is com-

promised in the absence of BamE, suggesting that it

plays an important structural role.54 On the other

hand, NMR spectroscopic analysis has shown that

BamE binds specifically to phosphatidylglycerol,73

which has previously been shown to enhance the

insertion of OMPs into liposomes, and that the lipid

binding site partially overlaps with that of the

BamD binding surface [Fig. 8(D)].73 On the basis of

these experimental results, it has been hypothesized

that the function of BamE may be to recruit phos-

phatidylglycerol to enhance OMP membrane

insertion.103

Interestingly, BamE is observed to exist in both

monomeric and dimeric forms in solution.64,72,73 NMR

and crystal structures of BamE show that monomeric

BamE consists of a small three-stranded anti-parallel

b-sheet against which two a-helices are packed

(Fig. 8).64,72,73,104 Crystal structure of BamE in its di-

meric form revealed that it forms a domain-swapped

Figure 9. Models of b-barrel assembly. Four different models of how the BAM complex may facilitate the folding and

insertion of OMPs are shown. BamA is shown in pink, and the substrate protein is shown in yellow. The lipoproteins BamB/C/

D/E are not shown in these models for clarity. The outer membrane is represented by the gray rectangle, with the

extracellular space above and the periplasmic space below. A: In the first model, the substrate protein is first translocated

across the outer membrane through the channel formed by the b-barrel domain of BamA. The substrate then inserts and

folds into the outer membrane lipid bilayer from outside the cell. B: In the second model, the substrate inserts into the lipid

bilayer from the periplasmic face of the outer membrane. Instead of using the channel of BamA, the insertion and folding of

OMPs occur at the BamA-lipid interface. In this model, the outer wall of the b-barrel of BamA provides a scaffold for the

substrate folding. C: This model is similar to the second model, but assumes that BamA forms an oligomeric structure. The

coordinated events of substrate folding and membrane insertion are contained within the space formed by the BamA

tetramer. The mature, folded OMP substrate is then released laterally into the lipid bilayer of the outer membrane. D: In the

last model, the OMP substrate uses the N- and the C-terminal b-strands of BamA as folding templates. The hydrogen bonds

between the two terminal b-strands of BamA are displaced by the incoming substrate that becomes part of the BamA

structure as it folds into a b-sheet. The b-sheet of the substrate is then closed to form a b-barrel, and the substrate is

released into the lipid bilayer. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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dimer, in which the a-helices of the two monomers are

exchanged [Fig. 8(C)].64 The dimer formation of BamE

is irreversible under various pH and salt concentra-

tion conditions,72 and there are conflicting data on

which oligomeric form of BamE is biologically rele-

vant. Although one study reported that the formation

of BamE dimer is a result of protein misfolding under

temperature stress,73 another study reported that

BamE purified from a native outer membrane exhibits

a dimeric state.64 Further, experiments are required

to identify which oligomeric form of BamE is found in

vivo, or if both forms are functional in the BAM

complex.

Conclusion

The field of OMP biogenesis research has experi-

enced exciting advances in recent years. Although

genetics and protein–protein interaction studies

identified the BAM complex and its components,

emerging structural and biochemical studies are

revealing how the BAM proteins may interact with

each other and with b-barrel precursor substrates.

In addition, the structures of all five members of the

BAM complex (with exception of the b-barrel domain

of BamA) are now available, giving us a clearer pic-

ture of what the individual components of the BAM

complex look like.

So how does the BAM complex facilitate the

folding and membrane insertion of OMPs? The cur-

rent general consensus is that BamA and BamD per-

form the essential function of substrate recognition

and assembly, whereas BamB, BamC, and BamE

increase the efficiency of the process. Based on the

most recently published structural and functional

data, BamD likely recognizes the b-barrel precursors
via their C-terminal targeting sequence. The sub-

strates are then bound by the POTRA domains, and

subsequently, guided toward the BamA b-barrel do-

main which is thought to provide a scaffold to facili-

tate the formation of b-strands. Perhaps the flexibil-

ity of the POTRA domains could play an important

role in this step, but the mechanism of b-barrel fold-
ing in general remains poorly understood. During

the whole OMP assembly process, BamB could pro-

vide extra substrate binding surfaces to aid the

POTRA domains, and BamE may recruit phosphati-

dylglycerols to enhance the folding efficiency.

Finally, BamC could use its unstructured N-termi-

nus to regulate the targeting signal binding activity

of BamD.

The least understood aspect of the BAM complex

function is the molecular mechanism by which the

substrates are folded into b-barrels. Based on in

vitro b-barrel folding studies, folding and membrane

insertion of OMPs probably take place in a concerted

manner.30,31 Several different OMP folding mecha-

nisms have been suggested to date. In the first

model, the pore of the b-barrel domain of BamA is

thought to serve as a conduit for the substrate that

will be translocated across the lipid bilayer into the

extracellular space in an unfolded form, before being

assembled into the outer membrane [Fig. 9(A)]. This

model is largely based on the structural studies of

FhaC, a BamA homolog. The channel formed by the

b-barrel of FhaC is �3 Å in diameter, which is too

small for accommodating even an unfolded polypep-

tide.63 However, studies suggest binding of the sub-

strate (FHA) causes a conformational change in

FhaC, which could subsequently increases the diam-

eter of the pore from 3 Å to 16 Å.63,88 This increase

in the pore size could make enough room for the

substrate to enter the channel within the barrel in

an extended form.63 As it has been shown that sub-

strate binding increases the channel conductivity of

BamA,86 it is possible that BamA also undergoes a

similar conformational change as in FhaC to allow

an OMP substrate to move through. According to

Robert et al.,36 the diameter of the BamA channel is

estimated to be 25 Å, which is significantly larger

than that estimated for FhaC. However, this model

implies that the substrate folding takes place on the

outside of the cell, and it is hard to imagine OMPs

assembling efficiently without extra folding factors

on the extracellular surface of the outer membrane.

Another model of OMP assembly by the BAM

complex predicts that the substrate uses the outer

wall of the BamA b-barrel as a scaffold for folding

and membrane insertion. In this model, the unfolded

substrate will start to insert between the BamA-lipid

interface as it starts acquiring secondary structure

[Fig. 9(B)]. Alternatively, if BamA forms a tetramer

in vivo, the substrate folding could be contained in

the space formed by the four BamA subunits [Fig.

9(C)]. The limited folding space may facilitate the

closing of the b-sheet into a b-barrel, and the b-bar-
rel would be released laterally into the lipid bilayer.

This model requires that BamA subunits within the

proposed tetramer be able to associate and dissociate

with each other to allow substrate release.

Finally, we propose another model of b-barrel
assembly that is modified from an earlier model.

When the BAM complex was first discovered, it was

first speculated that a substrate folds into a b-barrel
inside BamA and that the b-barrel of BamA would

open up to release the folded product laterally into

the outer membrane.105 However, the structural in-

formation now tells us that the channel formed by

BamA is nowhere close to being large enough to

hold a folded OMP. In addition, breaking hydrogen

bonds of a b-barrel to release the substrate seems

energetically very costly. To attune to the new struc-

tural data and to minimize the energy cost, we sug-

gest the model be modified as follows. Instead of the

unfolded substrate folding within the b-barrel of

BamA, the N- and the C-terminal b-strands of

BamA (the two strands that hydrogen bond with
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each other to close the b-sheet into a b-barrel) could
serve as folding templates for the substrate. In this

model [Fig. 9(D)], the hydrogen bonds between the

N- and the C-terminal b-strands of BamA would be

interrupted and replaced by an incoming substrate,

which would form new hydrogen bonds with the ter-

minal strands of BamA. As the rest of the substrate

folds, it starts forming a b-sheet held between the

two terminal strands of BamA until it closes into a

b-barrel and then released into the lipid bilayer.

Although this model requires the b-barrel of BamA

to open up, the energy cost of breaking hydrogen

bonds is compensated by having the substrate form-

ing new hydrogen bonds with BamA via

b-augmentation.

There are still many other aspects of the BAM

complex that remain to be elucidated, which would

help in deciphering the molecular mechanism of

b-barrel assembly. A crystal structure of BamD

bound to the C-terminal targeting sequence of a

b-barrel precursor substrate would provide a great

deal of insight into the BAM-OMP specificity. Once

the functional role of BamD is established, its sub-

strate binding properties could be further examined,

for example, by binding kinetics. Substrate binding

to BamB via b-augmentation also requires experi-

mental evidence to validate the hypothesis that it

acts in concert with SurA to deliver the substrates

to BamA. The structural investigation of the BAM

complex should now be focused on determining the

structure of the BamA b-barrel domain, and how the

BAM components are arranged within the complex.

Together, these studies will help us better under-

stand b-barrel protein assembly into the Gram-nega-

tive bacterial outer membrane and the homologous

systems in eukaryotes.

Could better understanding of the BAM complex

be used for medical applications? New drug develop-

ment inevitably starts with the challenging task of

identifying a suitable drug target. In this respect,

the BAM complex could serve as potential candidate,

as it is essential for the survival of Gram-negative

bacteria and it is functionally nonredundant (i.e.,

there is no other back-up system in the cell that can

perform the same function). Furthermore, the BAM

complex is found in the outer membrane, implying

uncomplicated drug delivery strategy and its poten-

tial to serve as an antigen for novel vaccine design.

Because the SAM complex exists in human cells, the

differences between the SAM and the BAM complex

pathways should be exploited for the development of

potential antimicrobial agents. Potential antimicro-

bial compounds that target the BAM complex would

need to be carefully screened against the SAM com-

plex to avoid compounds with cross reactivity. To re-

alize its potential as a drug target, the detailed mo-

lecular mechanism of the BAM complex still needs

to be elucidated. We have almost all of the pieces of

the puzzle—it is now time to discover how they fit

together.
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