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Abstract
The outer membrane (OM) of Gram negative bacteria is an essential organelle that serves as a
selective permeability barrier by keeping toxic compounds out of the cell while allowing vital
nutrients in. How the OM and its constituent lipid and protein components are assembled remains
an area of active research. In this review, we describe our current understanding of how outer
membrane proteins (OMPs) are delivered to and then assembled in the OM of the model Gram-
negative organism Escherichia coli.

Bacteria are more than just bags of enzymes
With each passing year, the structural complexities of bacteria are becoming increasingly
apparent. Gram negative bacteria can be divided into several subcellular compartments [1].
There are two aqueous compartments called the cytoplasm and the periplasm. The
cytoplasm is enclosed by a phospholipid bilayer called the Inner Membrane (IM), which is
itself surrounded by an asymmetric bilayer called the Outer Membrane (OM). The periplasm
lies in the space between the IM and OM, and is home to the peptidoglycan cell wall (CW).
Present throughout these compartments are proteins with diverse and important biological
functions. Some of these proteins are membrane-embedded and allow transfer of molecules
between compartments. Others are soluble enzymes involved in metabolic reactions. Much
work has been devoted toward understanding how each of these compartments is formed
and maintained. In this review, we focus on a particular aspect of OM biogenesis, namely
the assembly of integral outer membrane proteins (OMPs).

An OMP is born!
Like all cellular proteins, OMPs are synthesized in the cytoplasm. Since OMPs are destined
for the cell envelope, they are synthesized as pre-proteins with an N-terminal signal
sequence [2]. The signal sequence is a targeting element that routes proteins to specific
protein translocases embedded in the IM. In the case of OMPs, the Sec translocase provides
a path across the IM. The Sec pathway is responsible for transporting the bulk of all
exported proteins in E. coli [3]. Only unfolded proteins can be accommodated by the Sec
pathway. To keep precursor OMPs transport-competent, the cytoplasmic chaperone SecB
maintains them in an unfolded conformation [4]. Translocation of unfolded proteins through
SecYEG is powered by the essential ATPase SecA [5]. Many elegant genetic and
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biochemical experiments have elucidated the mechanism of Sec-mediated protein export in
considerable detail and have been reviewed elsewhere [3,6].

Chaperones: always watching, judging
Signal sequence cleavage releases translocated OMPs into the periplasm. Some OMPs
possess a C-terminal signature sequence that facilitates their insertion into the OM. This
signature sequence consists of several hydrophobic residues, as well as an aromatic residue
(usually phenylalanine) at the final position [7]. Mutation of the final phenylalanine residue
can prevent OMP assembly in vivo. There is also evidence that sorting is aided by the C-
terminal most beta-strand of the unfolded beta-barrel [8]. Since beta-barrel proteins will
ultimately reside in the OM, it is not surprising that these proteins are prone to aggregation
in aqueous environments. To prevent aggregation and misfolding these hydrophobic
residues must be shielded from the aqueous periplasm; failure to do so can trigger cellular
stress responses.

In E. coli, there are parallel pathways of chaperone activity [9]. The chaperone SurA
functions in one pathway and the chaperone Skp and the chaperone/protease DegP in the
other. SurA can function to assemble all OMPs efficiently, and some OMPs, including the
essential LPS assembly factor LptD prefer this pathway [10,11]. No OMPs that prefer the
Skp/DegP pathway have been identified. However, in the absence of SurA, Skp/DegP can
assemble most OMPs efficiently. The importance of SurA is evidenced by the increased
permeability, OMP assembly defects, and envelope stress factor induction observed in surA
mutants [12]. In contrast, in Neisseria meningitidis, where the LptD homolog is dispensable
for growth, the OMP assembly defects observed in a surA mutant are mild [13]. Such
defects are much more pronounced in a skp mutant, suggesting that Skp might be the major
periplasmic chaperone in this organism.

The Bam Complex puts OMPs in their place
After traversing the periplasm, OMPs are delivered to a multi-subunit machine in the OM
called the Bam complex [2]. The multiprotein Bam complex was originally identified in E.
coli, but Bam (for beta-barrel assembly machine) has also been studied in N. meningitidis
and Caulobacter crescentus [14–16]. At the center of the complex is BamA, which is itself
an essential OMP. In addition to the beta-barrel domain, BamA possess an N-terminal
extension that stretches into the periplasm. This extension is composed of 5 discrete POTRA
(polypeptide translocation associated) domains P1–P5, the structures of which have been
determined experimentally [17–19]. The POTRAs are important contact points for the
accessory Bam lipoproteins [17]. P1 is dispensable for these interactions, but the other
domains are needed to interact with BamB. Only P5 is needed to preserve interactions
between BamA and BamCDE. The interactions with BamA are stable; they can be detected
by protein pull-down experiments in the absence of chemical crosslinking. This is in
contrast to the interaction between BamA and SurA which is only evident when chemical
crosslinkers are employed, suggesting this interaction occurs transiently [12].

The other four members BamBCDE are OM lipoproteins, all of which are directed to the
OM by the well-characterized Lol system [20]. The connectivity of the Bam complex has
been probed biochemically [14,21,22]. BamA and BamB interact directly, as do BamA and
BamD. Both of these interactions are independent of one another. BamC and BamE form
contacts with BamD and the BamCDE subcomplex can be stably isolated in vitro [23]. The
entire complex has been reconstituted in proteoliposomes that contain purified Bam
proteins, and it is now possible to monitor assembly of the model substrate OmpT in vitro
[23,24]. The in vitro assembly reaction requires SurA and all 5 Bam proteins to proceed
efficiently, and occurs in the absence of any added energy source. Recently, the efficiency of
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the in vitro system has been increased which allowed analysis of a mutant Bam complex
with lower activity [24]. This remarkable achievement will be an invaluable tool for
dissecting the mechanism of how other OMPs are assembled, and what role each Bam
protein plays in this process.

Aside from BamA, BamD is the next most highly conserved member of the Bam complex
and this protein is essential for growth in E. coli [22,25]. Depletion of BamA or BamD
causes identical OMP assembly defects, indicating these two proteins play a central role
during OMP assembly [22]. The structure of BamD reveals a series of tetratricopeptide
repeat (TPR) motifs which are often important for mediating protein-protein interactions
[26,27]. Indeed, deletion of the final C-terminal helix of BamD weakens interactions with
BamC and BamE, as well as BamA [22]. Beyond this structural information, not much else
is know about how BamD functions. The Neisseria BamD homolog, designated ComL, is
also essential for growth and has been shown to associate with peptidoglycan [15,28].
Whether this interaction is relevant to OMP assembly is unclear, but it has been suggested
that BamD/ComL could alter peptidoglycan structure in some way to accommodate OMPs
as they penetrate the CW. However, E. coli BamD does not bind peptidoglycan
(unpublished).

The remaining lipoproteins BamBCE are all dispensable for growth in E. coli. Of the three,
loss of BamB causes the most severe defect in OMP assembly [29]. Several groups have
now published the structure of BamB, all of which revealed an 8-bladed beta-propeller
[26,30,31]. Mutagenesis of BamB identified two clusters of residues important for
interaction with BamA, which map near each other on the crystal structures [32]. Beyond
these interactions, little is known about the function of BamB. A study of LamB assembly
showed that both bamB and surA mutants exhibit the same kinetic defect in folding LamB
monomers prior to trimer formation [33]. This suggests that BamB is involved in early steps
of OMP assembly, possibly including the delivery of OMPs to the OM. Interestingly, it was
recently reported that the beta-barrel domain of the autotransporter (AT) protein EspP
interacts with BamA, BamB, and BamD, and that the interactions with BamB and BamD
persist longer than those with BamA [34]. The implication here is that BamB and BamD
function at a later step of AT assembly; whether BamB and BamD normally function late, or
if this is a property restricted to assembly of ATs remains to be established.

Loss of either BamC or BamE causes only a slight defect in OM biogenesis [14,21].
However, coupling null mutations of bamC or bamE with mutations in other OMP assembly
factors leads to dramatic synthetic phenotypes. For example, both bamB bamC and bamC
bamE double mutants display growth defects under standard laboratory conditions.
Strikingly, a bamB bamE double mutant is lethal as it cannot be constructed under any
condition [21]. This synthetic phenotype suggests that BamB and BamE share a partially
overlapping essential function. However, these proteins clearly have distinct functions as the
phenotypes of bamB and bamE single mutants are quite different. At least in vitro, BamC
and BamE are needed to assemble OmpT [23]. Whether all the accessory Bam lipoproteins
are needed to efficiently assemble all OMPs remains an open question.

Don’t envy your neighbor’s Bam Complex
For the sake of comparison, it is worth briefly describing the composition of the Bam
complex in the two other organisms where it has been studied. N. meningitidis has homologs
of BamA (Omp85), BamD (ComL), BamC, and BamE, but no detectable homolog of BamB
[15,25,35]. Another protein, RmpM, was identified as forming a high molecular weight
complex that contains BamA [15]. Although RmpM can bind to peptidoglycan and to
OMPs, it does not appear to have any role in OMP biogenesis.
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In C. crescentus, there are homologs of BamA, BamB, BamD, and BamE [25]. While there
is no obvious BamC homolog, the sequence of BamE is slightly longer as compared to E.
coli. It is tempting to speculate that this region might encode an enhanced activity for this
BamE homolog. Alternatively, other as yet uncharacterized proteins might fulfill the role
normally played by the missing Bam component. Interestingly, the lipoprotein Pal was
found to co-immunoprecipitate with BamA [16]. The Tol-Pal multi-protein complex extends
from the IM to the OM [36]. Pal is an OM lipoprotein and as such is anchored in the OM via
the N-terminal lipid anchor, while able to interact with peptidoglycan or the periplasmic
protein TolB at the C-terminus [37]. Both TolB and Pal are capable of binding to TolA,
which is integrated in the IM along with TolQ and TolR. The functional significance of the
interaction between Bam and Pal for OMP assembly is not clear. One suggestion was that
the Pal-Bam complex interaction helps position the Bam complex to better enable receipt of
emergent OMPs. In any case, it is clear that in different organisms, membership in the Bam
complex can vary. This undoubtedly is a reflection of differences in the OM and the subset
of OMPs found in different Gram negative organisms.

When misfolded OMPs attack…
The journey an unfolded OMP takes from the IM to the OM is filled with peril. Any
diversion from or delay in the normal assembly pathway, whether caused by aberrant
interactions with chaperone or defects in the Bam machinery, can cause OMPs to fold
improperly and aggregate in the periplasm. It is well established that accumulation of
misfolded protein aggregates serves as an inducing cue for cellular stress responses
including the σE and Cpx systems [9]. The σE stress response is mediated by a regulated
proteolytic cascade triggered by misfolded OMPs [38]. (Regulation of the σE response is
discussed in more detail by Ho and Ellermeier elsewhere in this issue.) RseA is an IM-
spanning anti-sigma factor that sequesters cytoplasmic σE. Under normal conditions, RseA
interacts with the periplasmic protein RseB which protects it from the protease DegS [39].
To activate the system, two signals are required. First, DegS is activated by binding to
specific C-terminal residues of misfolded OMPs [40]. The second signal, recently identified
as a beta-strand motif (BSM) also in the C-terminal portion of misfolded OMPs, binds RseB
[41]. Cleavage of RseA by DegS allows additional cleavage by RseP and cytoplasmic
proteases such as ClpXP, which allows release of σE [42,43].

The σE stress response increases the odds of properly assembling OMPs while cleaning up
the mess of misfolded OMP aggregates. This is accomplished by increasing the expression
of genes encoding chaperones like SurA and Skp, the Bam machinery, and the periplasmic
protease DegP. In addition, the expression of several small regulatory RNAs is also
increased. These small RNAs down-regulate OMP levels by binding to and targeting OMP
mRNA for degradation [44]. Reducing the load of OMPs that need to be assembled also
helps the cell cope with envelope stress.

What’s next?
The last decade has seen an incredible increase in our understanding of OMP biogenesis. It
seems that all of the key players have been identified and crystal structures of all the
lipoprotein components and the periplasmic domain of BamA have been determined. In
addition, the assembly reaction has been reconstituted from purified components. However,
despite these advances, the mechanism by which beta-barrels are folded and inserted into the
OM bilayer still lacks detail. Is the barrel domain folded prior to membrane insertion? Do
the essential proteins BamA and BamD each interact with substrate? What roles are played
by the accessory Bam lipoproteins in recognizing and folding precursor OMPs? Are
different classes of OMPs (for example, monomers vs. multimers) assembled in the same
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way? An understanding of this complex reaction will require productive interplay between
genetics and biochemistry. Our hope is that mutations that alter the Bam machinery in
specific ways will provide tools for understanding the mechanism(s) of this amazing
reaction.

Highlights

• Outer membrane protein (OMP) assembly requires the Bam complex.

• Several structures of the Bam complex members are now available.

• The OMP assembly reaction has been reconstituted in vitro using purified Bam
proteins and requires chaperone for full activity.
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Figure 1. The OMP assembly pathway in E. coli
Outer membrane proteins (OMPs) are synthesized as unfolded precursors in the cytoplasm
and translocated across the inner membrane (IM) via the Sec translocase. Once in the
periplasm, chaperones recognize unfolded OMPs and prevent them from forming misfolded
aggregates. The multi-subunit Bam complex folds and inserts OMPs into the outer
membrane (OM).
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