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Abstract
The cell envelope of Gram-negative bacteria protects the organism from environmental stresses,
components of the innate immune response, and the actions of other antagonistic molecules.
However, the complexity of the cell envelope dictated by these protective roles creates a
significant challenge for assembly of the outer membrane. Extensive research has focused on the
export and assembly of outer membrane proteins and there is continuing progress in this area. By
contrast, knowledge of the export and assembly of complex glycoconjugates in the outer
membrane has been limited until recently. New structural and biochemical information identifies
an envelope-spanning molecular scaffold for the export of group 1 capsular polysaccharides and
provides insight into a complex molecular machine.

Introduction
The Gram-negative cell envelope is a complex structure. The cytoplasmic (inner) membrane
is protected from osmotic stress and turgor pressure by the rigid stress-bearing
peptidoglycan layer. The critical role for peptidoglycan in cell viability is best exemplified
in its status as the target for β-lactam antibiotics. The peptidoglycan layer resides in the
periplasm, a region delineated by the cytoplasmic membrane and the characteristic outer
membrane. The outer membrane is an atypical lipid bilayer with phospholipids in the inner
leaflet and the unique glycolipid called lipopolysaccharide (LPS) in the outer leaflet
(reviewed in [1]). Proteins are associated with (and embedded within) the bilayer. Many of
these proteins create channels and receptors to facilitate import and export of substrates
across the outer membrane. Until recently, outer membrane proteins were thought to contain
only β-sheet structures in their transmembrane segments [2], whereas proteins in
cytoplasmic membranes typically have α-helices. The presence of LPS makes the outer
membrane resistant to many enzymes, detergents and other antagonistic factors that would
compromise and breach a typical cytoplasmic membrane.

The outer membranes of many Gram-negative bacteria are covered with a capsule structure
composed of capsular polysaccharides (CPSs). These are high molecular weight polymers
(105–106 Da or greater) that are firmly associated with the cell surface, although the precise
linkage is not always known. CPSs are essential virulence determinants in pathogens of
plants, livestock and humans. Despite a remarkable diversity of CPS structures in Gram-
negative bacteria, currently only two mechanisms of biosynthesis and assembly have been
described and both are found in isolates of Escherichia coli. These processes differ
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fundamentally in membrane topology and characteristic components. These have been
reviewed in detail elsewhere [3•].

The protective role of the envelope must be balanced against the need to assemble the outer
membrane. The key question is: how does the cell accomplish trafficking of complex outer
membrane components from their site(s) of synthesis in the cytoplasmic membrane to the
outer membrane without compromising these essential barrier components? This hurdle to
export (and import) has made assembly of outer membrane components interesting their
own right but they may also have relevance to organellar assembly in eukaryotes. Two basic
strategies can be envisaged for outer membrane assembly (reviewed in [ [4] and [5•]]). One
involves the use of chaperone proteins to traffic material to insertion points in the outer
membrane; outer membrane proteins provide an excellent example. The alternative is to use
a molecular scaffold to overcome the barriers in a contiguous process and this is used for
CPS assembly. Here, we examine the relationships between the various outer membrane
assembly systems.

State of the art: outer membrane protein folding and assembly
Outer membrane proteins are typically synthesized as precursors with an N-terminal signal
sequence and are exported across the cytoplasmic membrane by the Sec protein complex in
the general secretory pathway [6]. After removal of the signal peptide, the protein is released
into a periplasmic trafficking system where it can interact with various chaperone and
folding activities [7]. Finally, it is transferred to a multi-component complex in the outer
membrane that has at its core the YaeT (formerly Omp85) protein [8••]. SurA is a chaperone
with a four-domain structure containing two internal peptidyl–prolyl isomerase domains
(PPIase P1 and P2). Structures of a PPIase P1 fragment bound to two peptide substrates
have revealed the importance of exposed aromatic residues in the substrates recognized by
SurA [9]. Surprisingly, SurA adjusts its tertiary and quaternary structure dependent on the
precise presentation of the aromatic residues. SurA interacts with YaeT [10•]. An additional
folding pathway involves Skp and DegP and their role in protein export becomes evident
under conditions of stress or in cells lacking SurA [10•]. Skp exists as a trimer with long α-
helices extending from a β-barrel ‘association body’ and it has been proposed that these
helices act as ‘tongs’ grasping the unfolded protein as it emerges from the Sec translocon
[ [11] and [12]]. Cargo-bound Skp also binds LPS and undergoes a change in topology and
is thought that this interaction facilitates delivery of its cargo to the outer membrane [ [13]
and [14]].

At the outer membrane, the newly delivered protein interacts with a complex including
YaeT and the lipoproteins YfgL, YfiO, NlpB and Smp [ [8••] and [15]]. YaeT and YfiO are
essential for viability. YaeT has a C-terminal channel-forming β-barrel [16] preceded by
five polypeptide transport-associated (POTRA) domains arranged in a periplasmic extension
[17••]. POTRA domains are found in some other export-machinery proteins including
Sam50 and Toc75 from mitochondria and chloroplasts, respectively. The POTRA domains
are thought to provide a scaffold that facilitates the interaction of the various lipoproteins
but the presence of all five is not essential [ [17••] and [18]]. YaeT binds the C-terminal
region of most outer membrane proteins being translocated [19••]. Outer membrane proteins
OmpA [19••] and TolC [20] (the drug efflux channel [21]) provide variations; these proteins
possess an N-terminal β-barrel structure but their C-terminal domains are α-helical. It
appears that an internal segment anneals to YaeT in such cases. The structural data support
the hypothesis that the POTRA domains recognize hydrophobic periodicity in the exported
substrate and they interact via a β-strand augmentation approach. This templating may
initiate the process of assembly into a β-barrel directly adjacent to the membrane. However,
the spatial interactions, and the means by which the new β-barrel escapes into the outer
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membrane are still subjects of debate [ [7] and [22]], as is the exact role played by the
various accessory lipoproteins.

Variation on a theme: assembly of lipopoproteins
A superficially similar strategy applies to the export and assembly of outer membrane
lipoproteins but the machinery is different. Mature lipoproteins have an N-terminal cysteine
that is modified by a thioether-linked diacylglycerol and N-linked fattyacyl chains. Most of
the 90 lipoproteins in E. coli reside in the outer membrane. Their location is determined by
the presence (or absence) of an Asp inner membrane-retention signal at position 2 (reviewed
in [23]) and is influenced by phospholipid composition in the membrane [24]. After export
across the inner membrane by the Sec system and maturation, nascent lipoproteins are
released from the inner membrane by the action of a protein complex comprised of LolCDE.
Sequence motifs in LolD place it in the ABC (ATP-binding cassette) superfamily. While the
complex requires ATP hydrolysis for lipoprotein release (reviewed in [25]), it is not an ABC
‘transporter’ in the conventional sense. The nascent lipoprotein is released by the LolCDE
pump to a periplasmic chaperone (LolA), creating a soluble complex. At the outer
membrane, LolA delivers its cargo to a receptor (LolB) and the new lipoprotein is
incorporated into the outer membrane. LolA and LolB share structural features; both have a
β-barrel with a hydrophobic cavity capped by an α-helical lid (reviewed in [23]).
Unidirectional energy-independent transfer of lipoproteins from LolA to LolB is ensured by
their relative binding affinities for their substrates [26].

Stay tuned: export and assembly of lipopolysaccharides
Despite the importance of LPS in almost all Gram-negative bacteria, surprisingly little is
known about the export across the periplasm and outer membrane and there is debate over
the export process. Attempts to demonstrate release of LPS from membrane vesicles have
been unsuccessful under conditions where LolCDE-mediate release of lipoproteins could be
detected [27]. Instead, experimental evidence pointed to the involvement of export-active
contact sites between the cytoplasmic and outer membranes. This is consistent with early
electron microscopy (EM) investigations that identified specific sites for appearance of
newly formed LPS on the cell surface [28]. These coincide with controversial ‘Bayer
junctions’, regions where the cytoplasmic and outer membranes come into apposition [ [29]
and [30]]. There is intriguing evidence for a helical arrangement of LPS-insertion sites on
the cell surface, suggesting this is not a random process [31•]. Recent studies have identified
an outer membrane protein (Imp) required for LPS export [ [32] and [33••]]. Imp interacts
with a lipoprotein, RlpB [34•], suggesting obvious parallels to outer membrane protein
export. Furthermore, genetic data suggests that YfgL plays a critical role in homeostasis of
outer membrane assembly by balancing outer membrane protein and LPS assembly [8••].
Additional newly discovered components involved in export include a cytoplasmic ABC
protein (LptB), a cytoplasmic membrane protein (YrbK), and a putative periplasmic
component (LptA), reminiscent of lipoprotein assembly [35]. The identification of these
various players now sets the stage for biochemical and structural biology initiatives to
resolve the mechanisms.

More variety than we thought: Wza represents a new class of outer
membrane protein

Wza is an outer membrane lipoprotein and is essential for expression of group 1 CPS on the
surface of E. coli and it represents a new class of outer membrane protein [ [36] and [37]].
Group 1 CPSs are built on the polyisoprenoid carrier lipid (undecaprenol diphosphate; und-
PP) by glycosyltransferases located in (or at) the inner leaflet of the inner membrane. These
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und-PP-linked intermediates are flipped across the inner membrane and polymerized at the
periplasmic face in a reaction requiring an integral membrane protein, Wzy. Wzy represents
the characteristic putative polymerase in a classical pathway first identified in the
biosynthesis of LPS O antigens. The polymerization activity is regulated by an additional
component, a member of the polysaccharide co-polymerase subfamily 2a (PCP-2a) [38]
encoded by the wzc gene [ [39] and [40]]. The Wzc protein, however, plays an additional
critical role in translocation of the polymer from the periplasm to the cell surface. It does
this via critical interactions with the final component, the outer membrane protein, Wza.

Wza is a member of the OMA (outer membrane auxiliary [41]) protein family. Wza forms a
remarkably stable multimer that maintains its higher-order state in SDS unless heated to ≥60
°C [36]. It is the only OMA protein for which a high-resolution structure is available.
Sequential structural studies began with the soluble protein and 2D-arrays in proteolipids by
electron microscopy (EM) [ [36], [37] and [42]] and culminated in a high-resolution (2.3 Å)
crystal structure [43••]. These investigations have revealed a unique structure. Wza forms a
large hollow barrel (interior volume ~15 000 Å3) with eightfold symmetry and is far too
large to be contained within the outer membrane.

The shape of the octameric structure resembles a classical ‘amphora’ without the handles; it
has a large internal cavity that is open at a narrow ‘neck’ and is closed at its base. The
structure is built from four eightfold symmetrical rings (R1–R4) stacked one atop the other
(Figure 1a). Each Wza monomer has four clearly identifiable domains (Figure 1b)
contributing of the four rings. R1 presents a concave periplasmic base in the structure and its
centre is filled by eight loops. This opens into an internal cavity with a diameter of 25–30 Å
at R2 and R3. R1 and R2 contain the Pfam 02563 motif (PES; polysaccharide export
sequence) that is found in all OMA proteins. Interestingly, R2 and R3 are probably gene
duplications, both sharing the ubiquitin fold (Figure 1c). At the open end of R4, the internal
diameter is reduced to 17 Å. Domain 4 is an amphipathic α-helix located at the C-terminus
of the monomer and the helices from the eight monomers come together to create an α-
helical barrel (Figure 1c). This provides the most striking feature of Wza; it represents the
first example (and currently the only example) of an outer membrane protein whose
transmembrane domain is α-helical. The Wza C-terminus is exposed at the cell surface
confirming that the R4 barrel does indeed span the outer membrane [43••]. R1–R3 reside
outside the membrane in the periplasm. The N-terminus of Wza is long loop, which is
wrapped around the top of R3, placing the acyl chains in an ideal location for insertion into
the inner leaflet of the outer membrane. Acylation plays a critical role in assembly; a non-
acylated variant forms unstable octamers that are unable to direct CPS export [37].
However, it is not clear whether this is owing to an inability to form a stable interaction with
the outer membrane, or problems with delivery to the outer membrane. The absence of β-
sheet structure in Wza suggests YaeT is unlikely to be involved in its export. The Lol system
seems a more likely route but this has yet to be examined.

It remains to be seen whether the transmembrane helical barrel of Wza is a unique feature
confined to CPS export proteins or a more general but hitherto undiscovered transmembrane
motif. Other candidates include the secretin proteins from protein secretion systems [44].
These are multimeric proteins and frequently are SDS-stable. PulD, a secretin from a type II
secretion system, is a well-characterized representative. It lacks extensive β-sheet structure
and is assembled in a YaeT-independent process [45]. Assembly of PulD into the outer
membrane does require a lipoprotein ancillary protein (PulS) [46], so the Lol system may
play an important role. Paradoxically, a close homologue (PilQ) apparently requires YaeT
for insertion [47], but it is not dependent on the corresponding ancillary protein [48].
Clearly, more work is required before a unifying theme can be developed.
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Inner membrane components: structure of the periplasmic domain of Wzz
and its implications for Wzc

PCP proteins like Wzc possess a characteristic membrane topology with two transmembrane
helices flanking a periplasmic domain that varies in size [ [38] and [49•]]. However, the
group 1 CPS PCP-2a, proteins have an additional feature; they are tyrosine autokinases with
a cytoplasmic C-terminal domain that is autophosphorylated at several tyrosine residues
(reviewed in [49•]). Phosphorylation is mediated by a kinase domain with a Walker box
motif. The closest sequence homolog (outside PCP proteins) for the kinase domain is found
in MinD [50], an ATPase involved in bacterial cell division. Interestingly Wzc also has
ATPase activity [51], suggesting that the unusual kinase mechanism of Wzc may be related
to NTPases. C-terminal phosphorylation of Wzc is essential for high-molecular weight CPS
assembly; in its absence, short oligosaccharides are produced in a phenotype identical to a
wzc-null mutant [ [40] and [52]]. Paradoxically, CPS biosynthesis also requires
dephosphorylation of Wzc by its cognate phosphatase [40], Wzb, and the current working
model proposes that Wzc must cycle between its phosphorylated and non-phosphorylated
forms to sustain CPS biosynthesis [ [52] and [53]]. Wzc forms a tetramer with extensive
contact between the periplasmic domains of the monomers [54••] (Figure 2a). By contrast,
the cytoplasmic kinase domains are well separated. This raises interesting mechanistic
questions because it is well established that the C-termini of Wzc homologues are
phosphorylated by intermolecular transfer [ [40] and [55]]. One interpretation is that the
Wzc tetramer may undergo significant conformational changes (see below).

Recently, a crystal structure was reported for the periplasmic domains of several PCP-1
(Wzz) proteins [56]. PCP-1 members participate in lipopolysaccharide O-antigen
biosynthesis by a Wzy-dependent pathway similar to group 1 CPSs. Although PCP-1
proteins share overall membrane topology features with Wzc, they have a smaller
periplasmic domain and lack the cytoplasmic tyrosine kinase domain. Like Wzc, the
periplasmic domains of the PCP-1 proteins form multimers, although the physiological
oligomerization state and packing state is less certain [ [56••] and [57]]. The PCP-1
protomer consists of a membrane-proximal mixed α/β base domain from which extends a
long (~100 Å) α helical hairpin (Figure 3a). Crystal structures and cryo-EM images of
oligomers of one of the full-length PCP-1 proteins reveals a cone-like shape (Figure 3b and
c). Although this structure is substantially more extended than what is seen in the Wzc
oligomer, the predicted secondary structure for the periplasmic region of Wzc also indicates
a mixture α/β structure and an extended α-helical domain, suggesting there may be some
similarities in the structures of PCP proteins at an atomic level.

A periplasmic machine: Wza and Wzc form a molecular scaffold spanning
the cell envelope

Interactions between Wza and Wzc were initially identified by chemical cross-linking
methods [37] but the complex formed by the oligomeric partners is sufficiently specific and
stable that it can be reconstituted using purified components [58]. The 3D-structure of the
resulting heterocomplex was determined using negative staining cryo-EM, combined with
single particle analysis (~12 Å resolution). The long axis (height) of overall complex is 170
Å and the width is 100–120 Å, sufficient to span the cell envelope and providing a
contiguous scaffold across the periplasm. All available structural evidence points to the
Wza–Wzc heterocomplex bringing the inner and outer membranes into close proximity at
the site of carbohydrate export. The solute accessible periplasmic thickness of ~60 Å (or
less) calculated from the cryo-EM structure, is considerably narrower than the 200 Å
measured in electron micrographs of frozen thin-sections [59]. These structures are
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consistent with in vivo studies that identified specific sites (Bayer junctions) of membrane
apposition where group 1 CPS export occurs under permissive conditions in conditional
mutants [ [30] and [60]]. The local compression of the periplasm would serve as a site for
recruitment of other machinery required for carbohydrate export.

Features corresponding to the individual Wza and Wzc oligomers are clearly evident in the
Wza–Wzc heterocomplex but there are some notable differences in conformation of the
individual oligomers when compared individually or in the complex (Figure 3a). The most
profound changes are evident in the Wzc–Wza interface; the periplasmic ring structure of
the Wzc oligomer appears to separate and the base of the Wza octamer seems to widen,
creating putative portals in the side of the complex. The portal has a maximum height of ~20
Å and connects the periplasm to the central cavity (Figure 2b). Computational analyses of
the Wza octamer indicate that R2 is the least stable of the rings (ΔG of dissociation of −14
kJ mol–1). By contrast, R1 and R3 have calculated ΔG values of +9 and +180 kJ mol–1,
respectively (R.C. Ford, J.H. Naismith and C. Whitfield, unpublished data). The simplest
export model invokes the nascent polymer entering portals created from an opening up of
R2. The atomic model of the periplasmic domain of the PCP-1 protein allows some
interesting speculation as to the potential process. An attractive model is that the long
helices of Wzc monomers occupy the large grooves on the outside of the R1 (the conserved
PES domain). This would account for the apparent broadening in the base of Wza seen in
cryo-EM images of the complex (described above). The formation of the complex is
independent of the phosphorylation state of Wzc. This feature of the Wzc protein may have
more to do with modulating phosphorylation than export, but it is also conceivable that
changes in phosphorylation state influence conformation to drive the export process. The
force for polymer extrusion could be generated by extension at the reducing end (proximal
to the inner membrane), or by conformational changes in the complex. From the central
cavity the polymer then exits from the periplasm and passes to the extracellular space
through the α-helical barrel provided by R4. The measured diameters are sufficient to
accommodate a polymer in an extended conformation [43••]. In summary, the ‘open’
conformation of the translocon therefore appears to need the association of the Wza and
Wzc oligomers and this interdependence is consistent with comparable acapsular
phenotypes for wza and wzc mutants [ [36] and [40]].

Perspectives
There are a growing number of trans-periplasmic machines under detailed investigation.
Perhaps the one most relevant to Wza–Wzc is the TolC AcrA/AcrB drug efflux pump. TolC
is a β-barrel protein that uses a periplasmic coiled α-helical region to both ‘gate’ the channel
[ [21] and [61•]] and dock to its inner membrane pump AcrB [62]. The relatively weak
interactions in this complex are stabilized by the periplasmic adaptor (or membrane-fusion)
protein AcrA in a process that also recruits TolC to an active pump [63•] (Figure 4a). The
dynamics of this machine are being unravelled in a series of studies. AcrA (and its homolog
MexB [64]) possesses a flexible hairpin domain that may participate in TolC opening [ [63•]
and [65]], in a process involving a twisting of the coiled α-helical region [21]. This proposal
has been verified by producing inactive ‘locked’ mutants [66]. AcrB undergoes a series of
large conformation changes, akin to a peristaltic pump [ [67] and [68••]]. In the working
model, this pulls in material from the outer leaflet of the cytoplasmic membrane/periplasm
and pushes it into the central cavity of TolC (Figure 4b). Support for this model has been
provided by engineering of disulfides into AcrB that were designed to lock the conformation
of AcrB and, as predicted, these do indeed inhibit efflux [68••].

What is clear is that the principles underlying the Wza–Wzc system have clear analogies to
other transmembrane machines. The molecular mechanisms that control their function may
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prove tractable to a combination of single particle EM, crystallography and novel
spectroscopy methods. It is a measure of the progress of structural biology that these
complex multi-protein machines are now coming into view.
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Figure 1.
Structure of the Wza octamer. (a) Structure of the octamer with each monomer drawn as a
ribbon. The eightfold axis is parallel to the long axis of the molecule (top to bottom). The
internal void of 15,000 Å3 is represented by the space-filling shape. The internal cavity has
a polar surface and we believe this is the key to catalysing the passage of the polar
carbohydrate. As the sugar molecule moves through the barrel water molecules can help
mediate hydrogen bond interactions. Wza is over 140 Å in length from top to bottom and
around 100 Å wide at the base. Antibodies to epitopes inserted at the C-terminus show it is
located on the cell surface [43••]. (b) The monomer is composed of four domains. The cyan-
coloured domain is the so-called PES domain and is relatively conserved. Domains two
(purple) and three (orange) function as a spacers to form the internal barrel void. The long
C-terminal helix (fourth domain) is coloured yellow. The eightfold symmetry means each
domain forms an eightfold rotationally symmetric ring. These rings (R1–R4) stack on top of
each other as can be seen in (a). (c) Domains 2 and 3 are probably gene duplications. Both
share the ubiquitin fold but almost no sequence conservation. The lack of extensive
sequence conservation is a feature of the Wza homologs. (d) The α-helical barrel has an
exposed tryptophan residue, a hallmark of transmembrane regions. The exposed tryptophan
acts much a like a barb helping to anchor the helices in the membrane. Each is helix is
amphipathic and for this reason does not show up as a classic transmembrane helix and
would be unlikely to insert on its own into a lipid bilayer.
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Figure 2.
Three-dimensional (3D) reconstruction of the Wza–Wzc complex from cryo-EM [58]. (a)
Comparison of a surface rendered structure of the complex with the isolated Wza and Wzc
components. (b) Fifty percent of the foremost volume is removed to reveal the central cavity
and the (upper) exit pore. The slices provide detail through the structure. Note that lipid
from the cytoplasm would fill the centre of the Wzc tetramer precluding a contiguous
connection from the cytoplasm to the exterior of the cell. (c) Proposed organization of the
complex (green wire frame) in the cell envelope. The Wzc EM structure (yellow) and the
ribbon structure of Wza are included. The orange densities are regions occupied by
cytoplasmic N-terminal hexahistidine tags (labeled with nanogold). Indicating the
approximate location of the Wzc kinase domains The EM structure of the complex suggests
Wza undergoes major conformational changes and broadening in the region encompassing
the PES domain, where it interacts with Wzc. Note that the α-helical outer membrane barrel
in Wza is destabilized under the pH conditions of the EM experiments (R.C. Ford, J.H.
Naismith and C. Whitfield, unpublished results).
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Figure 3.
Structure of the periplasmic domain of the PCP-1 protein (FepE) from E. coli O157:H7
[56••]. (a) The protomer has an N-terminal α/β base domain from which a long α-helix
extends. (b) The protomers assemble into a nonamer structure that extends ~100 Å into the
periplasm. (c) The nonamer is open at the top generating a solvent-filled cavity with the
lipid of the cytoplasmic membrane at its base.
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Figure 4.
Structure and function of the TolC-AcrB-AcrA drug efflux complex. (a) A model for the
periplasmic machine formed by TolC, AcrB and AcrA [62]. TolC was manually docked to
AcrB. It is thought that AcrA stabilizes the complex between TolC and AcrB. Although
TolC lacks the signature C-terminal β-strand, it is a β barrel protein. It is assumed that one
of the β-strands interacts with YaeT. (Reprinted by permission from Macmillan Publishers
Ltd.: Nature, copyright 2002.) (b) The peristaltic pump mechanism proposed to operate in
the AcrB-AcrA-TolC machine [67]. Each subunit of AcrB undergoes a series of changes. In
the L form, AcrB binds the drug. This leads to the T state where the drug is tightly bound. In
the final step, AcrB forms an O state in which the drug is released into the central cavity of
TolC and is exported out of the cell. (Reprinted by permission from Science, copyright
2006.)
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