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ABSTRACT: The viability of Gram-negative organisms is
dependent on the proper placement of lipopolysaccharide
(LPS) in the outer leaflet of its outer membrane. LPS is
synthesized inside the cell and transported to the surface by
seven essential lipopolysaccharide transport (Lpt) proteins.
How these proteins cooperate to transport LPS is unknown.
We show that these Lpt proteins can be found in a mem-
brane fraction that contains inner and outer membranes
and that they copurify. This constitutes the first evidence
that the Lpt proteins form a transenvelope complex. We
suggest that this protein bridge provides a route for LPS
transport across the cell envelope.

Lipopolysaccharide (LPS)1 is a glycolipid found in the outer
leaflet of the outer membrane (OM) of Gram-negative bacteria
(Figure 1) (1, 2). The presence of LPS on the cell surface improves
the barrier function of the OM, making many antibiotics used to
treat Gram-positive infections ineffective against Gram-negative
pathogens (3). The pathways by which LPS is synthesized at the
cytoplasmic leaflet of the inner membrane (IM) and translocated
to the periplasmic leaflet have been well characterized (4). The
mechanism by which LPS is transported across the cell envelope
to the surface is much less well understood (5). LPS must be
released from the IM, transported across the aqueous periplasm,
and assembled into the outer leaflet of the OM. Seven essential
Lpt (lipopolysaccharide transport) proteins mediate these final
steps in LPS assembly (Figure 1) (6, 7).

Extracting LPS from the phospholipid (PL) bilayer of the IM
requires energy. Four Lpt proteins, LptB, LptC, LptF, and LptG
(formerly YhbG, YrbK, YjgP, and YjgQ, respectively), have been
proposed to form a complex that couples ATP hydrolysis to the
release of LPS from the IM (8-12). This complex has been
purified and shown to exhibit ATP hydrolytic activity (11). Two
additional proteins, LptD and LptE (formerly Imp and RlpB,
respectively), form a complex at the OM that is responsible for
the correct insertion ofLPS into the outer leaflet of theOM(13-16).
LptE has been shown to bind LPS in a specific manner and may
receive LPS from the periplasm (16). The periplasmic protein

LptA (formerlyYhbN) is believed tomediate LPS transport across
the aqueous compartment, somehow coordinating the func-
tions of the IM and OM Lpt complexes (8, 9, 17-19). Consistent
with this role, LptA has been reported to interact with LPS (19).

Two models for how the Lpt proteins facilitate LPS trans-
port across the aqueous periplasm have been considered
(Figure 1) (5-7). In one model, LptA forms a soluble complex
with LPS to shuttle it from the IM to the OM (Figure 1, left). As
such, LptA would function in a fashion analogous to that of
LolA, the chaperone involved in OM lipoprotein trafficking (20).
In another model, LPS transport occurs through protein
(Figure 1B, right) or membrane bridges found in zones of adhe-
sion between the IM and the OM (5). These adhesion zones were
first observed in electron micrographs (EM) by Bayer more than
40 years ago (21, 22). Newly synthesized LPS has been observed
to appear in patches in the OM close to these “Bayer junctions”
(23). Furthermore, LPS appears to transiently accumulate in a
novel OML fraction [a less dense, “light”, OM (vide infra)] that
can be isolated during membrane fractionation (24). This OML

fraction contains the IM and the OM, reminiscent of Bayer junc-
tions. The most elegant experiment that supports the “bridge”
model demonstrated that LPS transport to the OM continues
in spheroplasts, despite the fact that most periplasmic con-
tents were lost (25).

Here we provide evidence of direct physical interaction among
the seven Lpt proteins. We show that all Lpt proteins cofrac-
tionate with the OML fraction and that they can be copurified
together, suggesting these proteins can form a continuous con-
nection between the IM and the OM (Figure 1, right).

Whole cell lysates obtained from wild-type Escherichia coli
cells were fractionated by sedimentation on sucrose density gra-
dients, and the localization of Lpt proteins was examined via

FIGURE 1: Two models for the transport of LPS across the periplas-
mic compartment.
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immunoblotting (Figure 2). Under the conditions used, the IM
and OM fractionated at buoyant densities of 1.11-1.16 g/mL
(fractions 6-9) and 1.22-1.27 g/mL (fractions 21-29), respec-
tively, as judged by activities of the IM enzyme, NADH oxidase,
and the OM protease, OmpT (Figure 2A). Separation of the IM
from the OM was achieved with no detectable cross contamina-
tion. As indicated by the distribution of OmpT activity, the OM
further separated into OML (fractions 21-23) and OMH (bulk,
“heavy”, OM, fractions 25-29) fractions (24). Antibodies direc-
ted against LptD and LptE revealed that these proteins are both
associated with the OML and OMH fractions (Figure 2B). Re-
markably, LptAwas also found to cofractionate almost exclusively
with these OM fractions (Figure 2B). LptA has been reported to
be found in the soluble periplasmic fraction when overexpressed
as a C-terminally His-tagged protein (LptA-His) (7, 17, 18). In our
fractionation, where untagged LptA is expressed at native levels, it
is apparently not a freely soluble protein (compare to the distribu-
tion of the soluble periplasmic maltose-binding protein MalE).2

We also found that even LptA-His expressed at low levels asso-
ciates with membranes. However, LptA-His localizes almost
exclusively to the IM (Figure 2B), suggesting that LptA can also
interact with the IM. It appears that the His tag interferes with
its interaction with the OM, and when such interaction is inhi-
bited, LptA still preferentially fractionates with membranes,
rather than with soluble proteins.

We also examined the localization of the IM Lpt proteins. To
detect LptB, LptC, and LptF, we engineered viableE. coli strains
containing a chromosomal knockout while exogenously expres-
sing functional His-tagged protein from a plasmid (we could not
obtain a functional LptG-His construct). The distribution pro-
files of these proteins are shown in Figure 2C. As expected, all of
them fractionated with the IM fractions. Interestingly, however,
small amounts of each of these proteins cofractionated with the
OM fractions as well (Figure 2C, fractions 21-29). We do not
know if there is enrichment of IM Lpt proteins in the OML over
the IM as compared to NADH oxidase. However, LptB, LptC,
and LptF were enriched in the OML over the OMH as compared
to the OmpT activity in these fractions. This result is consistent
with the report that the OML predominantly contains double-
membrane fragments consisting of the IM and the OM, while the
OMH predominantly contains single-membrane OM fragments
(24). We pooled the OML fractions containing the His-tagged
proteins and performed a second floatation sucrose gradient
(Figure 2D). Each of them still associated with the OML frac-
tions, suggesting that their presence in the OML was not a result
of contamination from the IM. These results show that the OML

fraction contains both the IM and OM Lpt proteins required
for LPS transport. This is consistent with the idea that the
OML may provide a route for LPS transport to its final
destination (24).

To determine if this route involves a protein bridge that con-
nects the inner and outer membrane machinery of the Lpt pro-
teins, we examined if the Lpt proteins physically interact. We
performed affinity purification experiments (Figure 3). His-tagged
LptC, expressed at low levels, copurifies with three endogen-
ous proteins, as judged by additional bands on SDS-PAGE
(Figure 3A). MS sequencing revealed that these bands contain

FIGURE 2: Lpt proteins are found in the OML, a fraction containing
both IM and OM. (A and B) Sucrose gradient fractionation using
wild-type cells or cells expressing His-tagged LptA. (A) Enzymatic
activity of IM and OM markers detected in each fraction expressed
as a percentage of total activity detected across all fractions.
(B) Immunoblot analysis of fractions for Lpt proteins, as indicated.
(C) Sucrose gradient fractionation using cells expressing His-tagged
Lpt protein. Immunoblot analysis of fractions forHis-tagged IMLpt
proteins, as indicated. The arrow on the left denotes LptF-His in the
IM fractions. Asterisks denote a major band that cross-reacts with
the R-His antibody. (D) Immunoblot analysis of floatation gradient
fractions of pooled OML-containing fractions (fractions 21-23)
from panel C. The position of OML (indicated) corresponds to
fractions containing major OM proteins as judged by Coomassie
blue staining (not shown).

FIGURE 3: All seven Lpt proteins physically interact. (A) SDS-
PAGE analysis of samples from TALON affinity purification and
immunoprecipitation ofDDM-solubilized total membranes contain-
ing LptC-His. Copurified proteins LptB, LptF, and LptG were
identified by tandem MS of the major bands; levels of amino acid
coverage for the three proteins were 83, 49, and 29%, respectively.
(B) Immunoblot analysis of samples fromaffinity purification experi-
ments using a His-tagged component of the IM Lpt complex. OM
protein BamA was used as a loading control.

2The LptA ortholog in Neisseria meningitidis has been suggested to
associate with membranes (unpublished observation in ref 5).
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LptB, LptF, and LptG. This result was expected on the basis of
a recent report showing that these four proteins form a stable
complex when overexpressed (11). Perhaps, what was unexpected
is that we are also able to pull down the three OM-associated
Lpt proteins using any His-tagged component in the IM Lpt
complex (Figure 3B). Cell lysates containing His-tagged LptB,
LptC, or LptFwere subjected to affinity chromatography. Based
on immunoblot analysis, all threeOM-associated proteins, LptD,
LptE, and LptA, copurified with these IM proteins. In contrast,
the OM protein BamA (formerly YaeT) was not selectively
enriched relative to the control sample that did not contain any
His-tagged protein (26). These results show that the IM and OM
components of the LPS transport machinery physically interact.

That all Lpt proteins can be found in the double-membrane
OML fraction and that they directly interact constitute the first
evidence of a physical transenvelope complex of Lpt proteins that
could provide the bridge for LPS transport. We do not know if
these bridges form only transiently or are always present in the
cell. Nevertheless, genetic evidence suggests that the transenve-
lope complex is relevant in vivo. Depletion of any member of the
Lpt complex causes LPS to accumulate in the periplasmic leaflet
of the IM (9, 10, 17); removing any of the individual components
breaks the machine and disrupts the entire transport process.
Whether this transenvelope machine maintains the proposed
membrane bridge in a Bayer junction or actually itself mediates
LPS transport is not clear (5, 6). In support of the second
interpretation, it has recently been shown that LptA can interact
with LPS (19).

How the IM LptBCFG complex is physically connected to
LptA and the OMLptDE complex may provide us with insights
into the mechanism of LPS transport. The crystal structure of
LptA reveals that multiple LptA molecules can stack in a head-
to-tail fashion to form a fibril containing a hydrophobic groove
running through its entire length (18). It has been pointed out that
LptC and the N-terminal periplasmic domain of LptD both
belong to the same OstA superfamily as LptA (5, 18, 27, 28). As
previously suggested, LptC may connect with LptD through one
or more copies of LptA (Figure 1, right) (18). Our finding that
LptA can interact with both the IM and the OM is consistent
with this model. The continuous hydrophobic groove created
by the OstA-like domains may shield the lipid A portion of LPS
molecules from the aqueous environment as they traverse the
periplasm.

Maintenance of the permeability barrier of the OM is essential
for the viability ofGram-negative organisms. Because this barrier
function depends on the proper assembly of LPS, the Lpt pro-
teins represent a new opportunity for antibiotic development
(12, 29). A better mechanistic understanding of how the Lpt
proteins facilitate LPS assembly would help us learn how to
interfere with the pathway. In this paper, we provide biochemical
evidence of the existence of a transenvelope Lpt protein complex
that is involved in the transport of LPS across the periplasm. That
the Lpt complex spans two separate membranes poses a major

challenge for studying the mechanism of LPS transport. The
development of new tools may be needed to determine the de-
tailed molecular mechanism, and what individual roles each of
these seven essential Lpt proteins plays in the process.
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