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The cell surfaces of Gram-negative bacteria are composed of
lipopolysaccharide (LPS). This glycolipid is found exclusively in
the outer leaflet of the asymmetric outer membrane (OM), where
it forms a barrier to the entry of toxic hydrophobic molecules into
the cell. LPS typically contains six fatty acyl chains and up to several
hundred sugar residues. It is biosynthesized in the cytosol andmust
then be transported across two membranes and an aqueous inter-
membrane space to the cell surface. These processes are required
for the viability of most Gram-negative organisms. The integral
membrane β-barrel LptD and the lipoprotein LptE form an essential
complex in the OM, which is necessary for LPS assembly. It is
not known how this complex translocates large, amphipathic
LPS molecules across the OM to the outer leaflet. Here, we show
that LptE resides within the LptD β-barrel both in vitro and in vivo.
LptD/E associate via an extensive interface; in one specific interac-
tion, LptE contacts a predicted extracellular loop of LptD through
the lumen of the β-barrel. Disrupting this interaction site compro-
mises the biogenesis of LptD. This unprecedented two-protein
plug-and-barrel architecture suggests how LptD/E can insert LPS
from the periplasm directly into the outer leaflet of the OM to
establish the asymmetry of the bilayer.
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The outer membrane (OM) of Gram-negative bacteria is an
asymmetric bilayer (1–3), with an inner leaflet composed of

phospholipids and an outer leaflet consisting mainly of lipopoly-
saccharide (LPS). In Escherichia coli, the LPS molecule typically
contains six fatty acyl chains and as many as several hundred
sugars. In the presence of divalent cations, LPS is proposed to
form a gel of relatively low fluidity, which impedes the passage of
hydrophobic molecules that can readily cross other biological
membranes (4). This unique barrier enables Gram-negative
bacteria to survive in harsh environments and to exclude several
antibiotics effective against Gram-positive organisms. Not sur-
prisingly, given its important function, LPS is essential in most
Gram-negative bacteria.

LPS biogenesis involves synthesis at the inner membrane (IM),
transport across the periplasmic space, and insertion into the
outer leaflet of the outer membrane (OM). The LPS biosynthetic
pathway has been well characterized (5); however, it is not clear
how the cell transports this large amphiphilic molecule across
the aqueous periplasmic compartment and to its final location
at the cell surface. This process requires seven essential Lpt
(lipopolysaccharide transport) proteins that form a transenvelope
complex (6, 7). Two of these proteins, LptD and LptE (formerly
Imp and RlpB, resp.), reside in the OM and are responsible for
the translocation of LPS across the OM (to the cell surface) in the
final stages of assembly (8–10).

LptD, an integral membrane β-barrel protein, and the lipopro-
tein LptE form a stable complex (9, 10), whose structure remains
uncharacterized. LptD consists of a periplasmic N-terminal
domain and a C-terminal transmembrane β-barrel domain (10),

which are linked by two disulfide bonds (11). The C-terminal
β-barrel domain of LptD is sufficient for the tight interaction
with LptE and protects LptE from proteolytic digestion in vitro;
these observations led us to propose that LptE may form a
plug within the LptD β-barrel (10). LptE is required for LptD
biogenesis (10); proper disulfide bond formation in LptD de-
pends on the presence of LptE (11), but how LptE facilitates this
process is unknown. Interestingly, LptE also binds specifically to
LPS in vitro, suggesting that it directly handles LPS during trans-
port (10). The mechanism by which LptD/E work together to
translocate LPS across the OM and establish the asymmetry of
the bilayer is unknown.

To address this question, we sought to characterize the archi-
tecture of this two-protein complex in a physiological environ-
ment. Here, we have used unnatural amino acid mutagenesis
and photocrosslinking in vivo to show that LptD and LptE inter-
act via an extensive interface spanning multiple faces of LptE.
Mass spectrometric analysis of crosslinked LptD/E complexes
identified a ten-residue region of LptD that interacts with LptE,
as confirmed in vivo. Remarkably, this region is found in a puta-
tive extracellular loop of LptD. Deletion of this interaction site
compromises the assembly of the LptD/E complex in vivo and
leads to OM defects. Taken together, these results establish that
LptE resides within the lumen of the transmembrane β-barrel of
LptD and suggest how the LptD/E complex assembles LPS at
the cell surface. As highlighted by the recent report of antibiotics
that target LptD in Pseudomonas spp. (12), understanding the
mechanism by which LptD/E function is critical for developing
new drugs against clinically important Gram-negative pathogens.

Results
Specific Regions of LptE Directly Contact LptD in Vivo. Recently,
we described the isolation and characterization of LptD/E, the
two-protein complex responsible for assembling lipopolysacchar-
ide in the outer membrane of E. coli (10). Here, to develop a
more detailed understanding of LptD/E structure, we have
carried out in vivo photocrosslinking (13) to map intermolecular
interactions within the complex. Guided by the three-dimensional
structures of three LptE orthologs, we introduced the UV-photo-
crosslinker para-benzoyl-L-phenylalanine (pBPA) at 27 positions
throughout oligohistidine-tagged LptE (LptE-His) via unnatural
amino acid mutagenesis (14; Fig. 1). Low-level expression of
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these mutant proteins supports growth in the absence of endo-
genous LptE, indicating that they are functional (see SI Text).

To determine which sites within the protein sequence of LptE
are involved in interactions with LptD, we prepared whole-cell
lysates from exponentially growing cells expressing pBPA-
containing LptE-His, which had been either irradiated with UV
light or left untreated. In cells in which pBPA was incorporated at
position 86, 90, 123, 124, 142, or 150 of LptE-His (numbering
includes the LptE signal sequence, a.a. 1–18), UV-irradiation
led to the formation of LptE-His-containing intermolecular com-
plexes with apparent molecular weights above 100 kDa (Fig. 1),
consistent with crosslinking between LptE-His (∼20 kDa) and
LptD (∼87 kDa).

To confirm that LptD was the UV-photocrosslinking partner,
we enriched His-tagged species from unirradiated or UV-irra-
diated cells by nickel affinity chromatography and showed that,
for each of the six positions identified above, the high-molecular
weight crosslinked bands could be detected by both anti-His
and anti-LptD antibodies (Fig. 2A). This result indicates the
UV-dependent formation of covalently linked LptD/E complexes
in which LptE residue T86, F90, F123, R124, M142, or R150 is
replaced with pBPA. These data show that LptD and LptE
directly interact in vivo and establish a map of the regions of
LptE involved in this interaction.

This putative LptD-binding interface spans a wide region of
LptE. We mapped the LptD-crosslinking positions onto a model
LptE structure (Fig. 2B) and found that the LptD/E interaction
involves residues from both a conserved β-sheet (T86, F90, F123,
and R124) and a conserved C-terminal α-helix (M142 and R150).
Notably, residues at both edges (T86 vs. F123/R124) and at both
faces (T86/R124 vs. F123) of the β-sheet appear to participate in
the interaction with LptD. These findings are consistent with our
earlier suggestion that LptE may be localized inside the LptD
β-barrel (10; see Discussion).

LptD/E contacts may be critical to the assembly, stability, and/
or function of the two-protein complex. To dissect the role of
the LptD-crosslinking residues within the native LptE protein,
we mutated them to alanine individually and in pairs (Fig. S1).
Haploid LptE T86A and M142A mutants, but not alanine mu-

tants at the other four positions, displayed reduced growth on
plates containing 0.5% SDS and 1 mM EDTA, indicating defects
in OM biogenesis (Fig. S1 A and C). The T86A/M142A double
mutant displayed a more severe growth defect than either of the
parent strains (Fig. S1A). Notably, neither the T86A and M142A
single mutations, nor the combination of the two, affected LptE
protein levels or the stability of LptD/E complexes, as judged by
LptD pulldown with LptE-His (Fig. S1B). These results suggest
that, whereas LptE residues T86 and M142 likely play a subtle
role in LptD/E biogenesis and/or function, no residue alone is
essential for the stability of the LptD/E complex, consistent with
an extensive interface comprising a large number of interactions
at widely distributed positions within the two proteins.

Identification of a Specific LptE Interaction Site within LptD. Little
is known about the structure or mechanism of LptD. To obtain
a high-resolution map of the LptD/E interface, we used mass
spectrometry to determine which residues of LptD are cross-
linked to pBPA-containing LptE. Because the natural abundance
of LptD/E in vivo is low (15), we turned to an in vitro system
based on our established method (10) to overexpress and purify
LptD/E complexes. We examined complexes containing the
pBPA substitution at four of the six positions that showed UV-
photocrosslinking in vivo. As observed in live cells, UV-irradia-
tion of these purified complexes led to the formation of high
molecular weight products (Fig. S2A), which, upon trypsin diges-
tion and mass spectrometric analysis, proved to contain both
LptD and LptE with high coverage (Fig. S2B). By contrast,
UV-irradiation of purified complexes containing pBPA at posi-
tions 106 and 113 of LptE, where crosslinking to LptD had not
been observed in vivo, did not produce appreciable amounts of
crosslinked product (Fig. S2A). Our in vitro crosslinking thus
displays the same site-specificity as was observed in vivo.

Fig. 1. In vivo photocrosslinking of LptE. E. coli expressing low levels of wild-
type or pBPA-substituted LptE-His protein, as indicated, in a chromosomal
ΔlptE background were either left untreated or irradiated with UV light,
followed by Western blot analysis of whole-cell lysates with an anti-His anti-
body. Arrows, UV-photocrosslinked complexes containing pBPA-substituted
LptE-His. The analyzed positions were selected from the 193 residues of
full-length LptE (residue numbers include the signal sequence, a.a. 1–18) on
the basis of structural conservation with LptE orthologs from other Gram-
negative bacteria: no structural information exists for residues 19–35, and
residues 166–193 of E. coli LptE constitute a C-terminal extension that is
not found in other organisms (see Fig. 2B).

Fig. 2. Specific residues of LptE interact directly with LptD in vivo. (A) Live
E. coli expressing low levels of the indicated pBPA-substituted LptE–His
protein were either left untreated or irradiated with UV light, followed
by nickel affinity chromatography and Western blotting using an anti-His
antibody or an anti-LptD polyclonal antiserum. (B) Mapping of the tested
positions onto a structural model of E. coli LptE, generated on the basis
of the three-dimensional structures of three LptE orthologs (RlpB from
Shewanella oneidensis, Nitrosomonas europaea, and Neisseria meningitidis;
PDB IDs 2R76, 2JXP, and 3BF2, respectively) using HHPred and MODELLER
(40). Residues involved in LptD/E interactions, as identified in (A), are circled.
The asterisk denotes the N-terminus of the model structure, corresponding
to residue I36 of the full-length E. coli LptE. The N-terminal lipidation site is
on C19 in this numbering scheme.
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To identify the specific residues of LptD involved in binding
LptE, we analyzed tryptic digests from uncrosslinked and cross-
linked LptD/E complexes by matrix-assisted laser desorption-
ionization mass spectrometry (MALDI-MS). We selected the
complexes in which R150 of LptE-His was replaced with pBPA
for detailed study because this substitution led to near-quantita-
tive crosslinking in vitro (Fig. S2A). We performed parallel in-gel
tryptic digests of the bands corresponding to free LptE-His and
LptD from unirradiated LptD/LptE-HisR150pBPA complex,
which we combined as the uncrosslinked sample, and of the cross-
linked band from the UV-irradiated complex. We reasoned that,
relative to uncrosslinked complexes, tryptic digests of crosslinked
complexes should contain greatly reduced levels of the pBPA-
containing LptE peptide and of any LptD peptide(s) to which
it is crosslinked. Indeed, the low-resolution MALDI-MS spec-
trum of the uncrosslinked sample revealed substantial peaks with
mass-to-charge ratios (m∕z) around 1,591 and 2,588, which were
absent from the spectrum of the crosslinked complex (Fig. 3A).
The average ½MþH�þ mass of the predicted pBPA-containing
tryptic peptide from LptE, EMYD[pBPA]AAEQLIR (spanning
residues 146–157), is 1,589.8 Da. Furthermore, an LptD tryptic
peptide spanning residues 521–542 has a predicted ½MþH�þ
mass of 2,587.7 Da, again in agreement with the observed peak
at m∕z ¼ 2;588. Meanwhile, the MALDI-MS spectrum of the
crosslinked complex contained a new peak with an m∕z of
approximately 4,178, which was not observed in the spectrum of
the uncrosslinked complex (Fig. 3A). This mass is consistent with
that of a singly charged UV-photocrosslinked species comprised
of both of these peptides (1;588.8þ 2;586.7þ 1 ¼ 4;176.5 Da).
These results strongly suggested that LptE directly contacts LptD
between residues 521 and 542.

To confirm that this 22-residue peptide of LptD was indeed
crosslinked to pBPA-containing LptE, and to further resolve this
LptE interaction site within LptD, we subjected the same cross-
linked LptD/LptE-HisR150pBPA sample to high-resolution two-
dimensional MALDI-TOF/TOF spectrometry (Fig. 3B, Fig. S3,
and Table S1). Upon fragmentation of the parent ion (m∕z
4,173.701; predicted monoisotopic m∕z 4,173.871), we detected
19 fragment ions from the N- and C-termini of both the pBPA-
containing LptE peptide (residues 146–157) and the LptD pep-
tide spanning residues 521–542 (Fig. 3B). These data establish
that LptE-HisR150pBPA is crosslinked to this region of LptD.

Interestingly, automated peptide sequencing identified no ions
containing residues from the region of LptD between positions
529–538 (Fig. 3B, shaded) upon fragmentation of the crosslinked
parent ion. We hypothesized that this region might contain
crosslinks to LptE-His, leading to modified ions that are not re-
cognized by automated analysis. In fact, upon reanalyzing the
MS/MS data, we identified three additional C-terminal fragment
ions (LptD y5–y7 in Fig. 3B) corresponding to the LptD peptide
DYS*GLFR (residues 536–542), where S* is a serine residue
bearing a modification of molecular weight 1,587.7, the exact
mass of the entire pBPA-containing LptE peptide (Fig. 3B,
Fig. S3A, and Table S1A). Although the data do not eliminate
the possibility of additional crosslinking sites between residues
529–538 that do not give rise to detectable fragment ions, these
results show that LptE-HisR150pBPA is photocrosslinked to
residue S538 within the LptD tryptic peptide 521–542. LptD re-
sidues 529–538 thus demarcate an LptE interaction site.

Residues within the LptD 529–538 Region Directly Contact LptE in Vivo.
We wished to determine if LptD residues 529–538 constitute an
LptE-interacting site in vivo as well as in vitro. To test our hypoth-
esis that LptD residue S538 is a site of direct contact with LptE in
the cell, we replaced this residue with pBPA by amber mutagen-
esis in a chromosomal ΔlptD background and in the presence of
wild-type LptE. In fact, UV-irradiation of these cells led to photo-
crosslinking between LptD and LptE (Fig. 3C), confirming the

importance of LptD residue 538 as a site of interaction with LptE.
Because we had observed no uncrosslinked fragment ions for the
entire region spanning residues 529–538, we wondered if other
residues within this region might be crosslinked as well. Indeed,
photocrosslinking was also observed when residue L533 of LptD
was replaced with pBPA (Fig. 3C). These results confirm that the
region of LptD roughly defined by residues 529–538 plays a key
role in LptD/E interactions in vivo as well as in vitro.

The LptE Interaction Site Is Found in a Predicted Extracellular Loop
of LptD. The three-dimensional structure of LptD has not been
determined. It is noteworthy, however, that the LptE-interacting
region between residues 529–538 is found within a predicted
extracellular loop spanning residues 515–557 of the LptD β-bar-
rel (Fig. S4), as assigned in silico by the PRED-TMBB method

Fig. 3. LptE interacts with a predicted extracellular loop of the LptD β-barrel.
(A) LptD/E complexes in which LptE residue R150 was substituted with pBPA
(LptE-HisR150pBPA) were overexpressed, purified, and UV-photocrosslinked
in vitro (see Fig. S2A). Bands corresponding either to free LptD and LptE
protein from uncrosslinked complexes (Top) or to the UV-crosslinked LptD/
E complex (Bottom) were excised from an SDS-PAGE gel and subjected to
in-gel trypsin digestion, followed by low-resolution MALDI-MS analysis of
peptide products. The observed and predicted (pred.) average ½Mþ H�þ
masses of the indicated LptD and LptE peptides are shown. (B) High-resolu-
tion MS/MS fragmentation analysis of the crosslinked adduct identified in
part A. The observed and predicted (pred.) exact ½Mþ H�þ masses of this
adduct are shown. Detected fragment ions included those corresponding
to the eight N-terminal and four C-terminal residues of the LptD peptide
spanning residues 521–542 (denoted b3–b8 and y1–y4, respectively, for the
LptD sequence), as well as the four N-terminal and seven C-terminal residues
of the pBPA-containing LptE peptide spanning residues 146–157 (denoted
b3–b4 and y1–y7, respectively, for the LptE sequence; R* denotes the
pBPA-substituted residue). Three additional C-terminal LptD fragments
(y5–y7) had masses indicating the presence of a covalent modification on
S538 (circled, Top) with molecular weight equal to that of the entire LptE
peptide. No unmodified C-terminal LptD fragments of more than four resi-
dues were detected. (See Fig. S3 and Table S1.) (C) The indicated residues
of LptD were replaced with pBPA in a chromosomal ΔlptD background
and in the presence of plasmid-encoded LptE–His. UV-photocrosslinking,
nickel affinity chromatography, and Western blotting were performed as
in Fig. 2.
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(16, 17) using three distinct algorithms (Viterbi, N-best, and
posterior decoding).

In all known OM β-barrel structures, loops of over 15 resi-
dues in length are found exclusively between the extracellular
ends of transmembrane β-strands. These loops are typically flex-
ible and tolerant of deletion and insertion mutations (18, 19).
Consistent with the prediction that the LptE-interacting region
at residues 529–538 of LptD is located in such a loop, we con-
structed an lptDΔ529–538 allele and found that it supported cell
viability, indicating that LptDΔ529–538 is functional. We also
inserted the seven-residue peptide sequence ENLYFQS (the
cleavage site recognized by tobacco etch virus [Tev] protease)
at six positions (V517, P518, I525, R544, A553, and S554) with-
in the predicted extracellular loop spanning residues 515–557.
All of these constructs also supported cell growth in the absence
of the chromosomal lptD allele, indicating that LptD proteins
containing insertions at these sites are functional. Taken to-
gether, these observations suggest that LptD residues 517–554,
and thus the LptE interaction site defined by LptD residues
529–538, are found in a topologically extracellular loop of the
LptD β-barrel.

The LptE Interaction Site at Residues 529–538 of LptD Plays a Key Role
in LptD/E Biogenesis. Having identified LptD residues 529–538 as
an important site of LptD/E interaction, we asked what role
this interaction may play in LptD/E and/or LPS biogenesis in
vivo. We found that cells in which the only copy of lptD was en-
coded by an lptDΔ529–538 allele were viable, indicating that
LptDΔ529–538 is functional. In LB media the growth of this
deletion strain was unimpaired relative to the wild-type control
strain (Fig. 4A and Fig. S5A). By contrast, we found that the
lptDΔ529–538 strain was not viable on plates containing 0.5%
SDS and 0.75 mM EDTA (Fig. 4A), indicating that deletion of
these ten residues of LptD severely compromises OM integrity.
As is characteristic for cells with LPS assembly defects (20),
MALDI-MS analysis revealed the presence of hepta-acyl and
phosphoethanolamine modifications to the lipid A core of LPS in
lptDΔ529–538 cells (Fig. S5B). By contrast to cells in which the
only copy of lptD lacked residues 529–538, cells harboring a
native chromosomal lptD allele as well as plasmid-encoded
lptDΔ529–538 had no growth defect in the presence of 0.5%
SDS and 0.75 mM EDTA (Fig. S5C). This result rules out the
possibility that the OM defects associated with the Δ529–538

deletion are due to nonspecific permeabilization by misfolded,
aggregated, and/or pore-forming LptD proteins, and indicates
instead that this deletion causes a specific loss of LptD function.

We asked whether impaired OM formation in the lptDΔ529–
538 strain results from defects in the assembly of the LptD/E
complex, its function in LPS assembly, or both. To determine how
the Δ529–538 deletion affects LptD/E assembly, we compared
total LptD and LptD/E complexes in cell membranes from the
lptDΔ529–538 strain to those in wild-type membranes (Fig. 4B).
Cell membranes isolated from the lptDΔ529–538 strain contained
lower total levels of LptD protein than membranes from the
control strain (Fig. 4B, lanes 1 and 2). Moreover, nearly all of the
total LptD protein in the lptDΔ529–538 strain failed to form
native disulfide bonds, as judged by its faster mobility on nonre-
ducing SDS-PAGE relative to wild-type LptD protein (Fig. 4B,
lanes 3 and 4; ref. 11). Nevertheless, when we isolated LptD/
E-His complexes from the lptDΔ529–538 strain by nickel affinity
chromatography, we found that only the correctly disulfide-
bonded LptD species was associated with LptE (Fig. 4B, lanes 7
and 8); the major LptD species, which did not contain native
disulfides, could not be pulled down by LptE. Because we pre-
viously found that the native disulfide bonds of LptD are not
required for the association of LptD with LptE (10, 11), these
results suggest that the Δ529–538 deletion either impairs a step
in the assembly of the LptD/E complex or compromises the
stability of the fully assembled complex.

To distinguish between these two possibilities, we compared
the stability of purified LptD/E complexes containing wild-type
LptD or LptDΔ529–538 in vitro using our previously published
methods (10). Like wild-type LptD/E complexes, LptDΔ529–
538/E complexes eluted as a single peak from a size-exclusion
column and migrated as a single band on nondenaturing blue
native (BN-)PAGE (Fig. S5D). The overall trypsin susceptibility
of LptDΔ529–538/E complexes was comparable to that of wild-
type complexes, as shown by the fact that trypsin-digested
LptDΔ529–538/E complexes continued to comigrate on BN-
PAGE (Fig. S5D). Moreover, trypsin cleavage of LptE within the
wild-type and mutant complexes occurred at similar sites and
efficiencies, as confirmed by Western blot analysis of trypsin-
digested complexes after SDS-PAGE (Fig. S5E). These data
indicate that deleting the LptE interaction site between LptD re-
sidues 529–538 does not destabilize the mature LptD/E complex.
Therefore, this LptD/E interaction site plays an important role
in the assembly of the LptD/E complex.

Discussion
We have analyzed specific intermolecular interactions within
LptD/E, the essential two-protein complex responsible for assem-
bling LPS into the outer membrane of E. coli. In vivo photo-
crosslinking indicates that LptE directly contacts LptD at a wide
range of positions encompassing multiple surfaces of LptE.
Furthermore, we identified a specific LptE interaction site within
LptD, which is part of a putative extracellular loop of the LptD
β-barrel. Finally, we found that disrupting this interaction site
compromises the biogenesis of LptD, as well as that of LPS,
producing a defective OM.

We conclude that a substantial portion of LptE is found inside
LptD. We previously proposed that LptE forms a plug within
the LptD β-barrel (10). The results presented here, showing that
the LptD/E interface is extensive and involves multiple faces of
LptE, allow us to build a physical model for how LptE is posi-
tioned within LptD (Fig. 5A). Earlier, we observed proteolytic
cleavage of LptE within folded LptD/E complexes at specific
sites located near the N-terminal lipid anchor of LptE in three-
dimensional space (10). That these sites are distant from the
LptD/E interface described here explains why they are accessible
to proteolytic cleavage in the complex. Given that LptE is an-
chored on the periplasmic face of the OM, its localization within

Fig. 4. The LptE interaction site at residues 529–538 of LptD is required
for proper folding of LptD and assembly of the LptD/E complex. (A) Ten-fold
serial dilutions of overnight cultures (normalized by optical density) on LB
containing 25 μg∕mL kanamycin without (Top) or with 0.5% SDS and
0.75 mM EDTA. The WT and Δ529–538 strains harbored a chromosomal
ΔlptD2∷kan deletion as well as pET23/42lptD or its derivative pET23/
42lptDΔ529–538, respectively. (B) Western blot analysis, using the indicated
antibodies, of total membrane extracts or eluates from Ni-NTA chromatogra-
phy of these extracts from strains expressing low levels of LptE–His and either
wild-type LptD or LptDΔ529–538 in a chromosomal ΔlptD background.
β-mercaptoethanol (βME) reduces the disulfide bonds found in LptD, decreas-
ing its apparent molecular weight. Membrane extracts were normalized
by total protein content; equal volumes of Ni-NTA eluates were loaded.
The asterisk denotes a protein that cross-reacts with the anti-LptD antibody
and serves as a loading control.

Freinkman et al. PNAS ∣ February 8, 2011 ∣ vol. 108 ∣ no. 6 ∣ 2489

M
IC
RO

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015617108/-/DCSupplemental/pnas.1015617108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015617108/-/DCSupplemental/pnas.1015617108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015617108/-/DCSupplemental/pnas.1015617108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015617108/-/DCSupplemental/pnas.1015617108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015617108/-/DCSupplemental/pnas.1015617108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015617108/-/DCSupplemental/pnas.1015617108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015617108/-/DCSupplemental/pnas.1015617108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015617108/-/DCSupplemental/pnas.1015617108_SI.pdf?targetid=SF5


the lumen of the LptD β-barrel would also account for the pre-
diction that the LptE-interacting site at LptD residues 529–538 is
found within an extracellular loop: these loops are often found
folded into the lumens of known β-barrel structures, here they
can serve as gates or specificity determinants (e.g., in maltoporin,
21). Thus, the interaction between LptE and LptD residues
529–538 may take place inside the β-barrel of LptD, within the
OM bilayer.

How LPS is transferred from the periplasm to the outer leaflet
of the OM is not known; the plug-and-barrel architecture of the
LptD/E complex suggests a possible mechanism. Because LptE
binds specifically to the lipid portion of LPS (10), its localization
within the lumen of LptD may allow it to move the fatty acyl
chains of the LPS substrate directly from the periplasm via the
lumen of the LptD β-barrel and into the outer leaflet of the
OM (Fig. 5B). The oligosaccharide moiety of LPS is presumably
threaded through the LptD β-barrel before or during the mem-
brane insertion of the lipid portion of the molecule. Consistent
with this direct insertion model, there is no evidence suggesting
that LPS ever resides in the inner leaflet of the OM. If LPS did
enter the inner leaflet from the periplasm, then maintaining the
asymmetry of the OM, in which LPS is found exclusively in the
outer leaflet, would pose an additional challenge for the cell.
Enclosing the LptE-bound LPS within LptD can prevent LPS
insertion into the inner leaflet en route to the cell surface.

Direct insertion of LPS from LptE within the lumen of LptD
into the outer leaflet of the OM implies that LPS should diffuse
laterally through the LptD β-barrel wall. Such movement of
hydrophobic substrates between the OM bilayer and the lumen
of a β-barrel has been described in several systems (22), including
the long-chain fatty acid transporter FadL (23), the small porins
OmpWand OprG (24–26), and the acyltransferase PagP (27). In
fact, LPS is a substrate of PagP and is believed to access the active
site via a lateral opening in its β-barrel wall (27). Interestingly, the
lateral openings of all three of these β-barrels are delimited
by proline residues that interrupt hydrogen bonding between
adjacent β-strands. An alignment of LptD orthologs from 20
species revealed two pairs of absolutely conserved prolines (P214
and P246; P483 and P510) in adjacent β-strands (Fig. S4). LptD/E
may thus utilize a mechanism similar to that of PagP to release
LPS substrates via an opening in the β-barrel wall directly into the
membrane bilayer (Fig. 5B).

LptD and LptE orthologs are both found in hundreds of Gram-
negative genomes, including those of the pathogens Pseudomonas
aeruginosa, Klebsiella pneumoniae, and Acinetobacter baumannii,
suggesting a conserved mechanism for LPS assembly. However,
some bacterial genomes appear to contain an ortholog of LptD,
but not of LptE (28). There are many possible interpretations
of this observation. Some proteins that share the fold and func-
tion of E. coli LptE may have escaped bioinformatic identifi-
cation due to low sequence similarity, especially in light of its
relatively small size. It is also possible that, in some organisms,
the LptD barrel is plugged by a protein of a different fold. We
have previously shown that LptE binds LPS, and it would not be
surprising if organisms with distinct LPS structures had distinct
LPS-binding proteins. Whether the plug-and-barrel architecture
represents the only solution for LPS assembly at the cell surface is
an interesting question.

It is worth noting that the LptD/E plug-barrel complex
consists of two separate proteins. To our knowledge, there are no
other known examples of such a two-protein architecture in any
organism, as every previously described plug-barrel complex con-
sists of a single polypeptide (29–31). Encoding the plug and barrel
as two distinct proteins complicates the assembly of the LPS
transport apparatus. We previously showed that LptE is required
for the biogenesis of LptD (10, 11). Here, we show that deletion of
the LptE interaction site at LptD residues 529–538 impairs a step
in LptD biogenesis. In an accompanying paper, Chimalakonda
et al. show that a mutation in lptE that also impairs LptD/E
interaction leads to assembly defects in LptD (32). Interestingly,
like the lptD∆529–538 mutant reported here, two other lptD
mutants, lptD4213, and lptD208 (8, 33), harbor deletions within
a predicted extracellular loop of LptD (residues 330–352 and
335–359, respectively; see Fig. S4); these mutants also exhibit
increased outer-membrane permeability. It remains to be seen
whether, as in the case of lptD∆529–538, these deletions compro-
mise LptD/E assembly and whether they do so by impairing the
interaction between LptD/E.

It is unclear how LptE can participate in the assembly of LptD,
which is folded at the OM by the β-barrel assembly machine (the
Bam complex; 34–39). The fact that LptE contacts a region of
LptD important for LptD assembly suggests two possible roles
for LptE in this process. LptE may associate with and stabilize
LptD molecules after their folding is complete; alternatively,
because LptE is found inside LptD, it is possible that LptE tem-
plates formation of the LptD β-barrel during the folding process.
Intriguingly, in the latter case LptD β-barrel folding would
require an additional essential protein, LptE, in addition to the
general Bam machine.

Our biochemical characterization of the LptD/E interaction
has established the plug-and-barrel organization of this two-
protein complex, providing a plausible mechanism for how these
proteins control the asymmetric placement of LPS in the OM. A
detailed understanding of the structure, function and assembly
of this essential complex will open the door to antibiotic strategies
targeting the outer membrane.

Materials and Methods
Bacterial Strains and Plasmids. Bacterial strains are described in SI Text.
Plasmids are listed in Table S2 and oligonucleotides are listed in Table S3.

In Vivo Photocrosslinking. For whole-cell lysate analyses, MC4100 ΔlptE∷kan
strains harboring pSup-BpaRS-6TRN and pET23/42lptE-His containing the
TAG stop codon at the indicated positions were grown overnight, diluted
1∶100 into 2 mL of the same media and grown to midlog phase. After
normalization by optical density, cells were pelleted and either used directly
or resuspended in 70 μL Tris-buffered saline (TBS; 20 mM Tris pH 8.0, 150 mM
NaCl) and irradiated with UV light at 365 nm for 10 min at 4 °C. All samples
were finally resuspended in 50 μL of SDS-PAGE buffer, boiled for 5 min,
and centrifuged at top speed in a microcentrifuge for 15 min; 15 μL of each
sample was analyzed by SDS-PAGE and immunoblotting.

Fig. 5. Proposed models for the structure and function of the LptD/E com-
plex. (A) LptE forms a plug within the lumen of the LptD β-barrel. A model
LptE structure (as in Fig. 2B) is shown in magenta, with the LptD-interacting
residues depicted as red sticks and with an asterisk at the N-terminus of
the model structure. The transmembrane portion of LptD is shown as a
hypothetical 22-stranded β-barrel in blue-green, with the LptE-interacting
extracellular loop as a dashed black line. Arrows denote approximate loca-
tions of the trypsin cleavage sites within LptE in LptD/E complexes (10).
(B) Proposed model for direct insertion of LPS into the outer leaflet of
the OM. LPS is delivered directly from the periplasm to LptE within the LptD
pore, and subsequently into the OM lipid bilayer through an opening in the
LptD β-barrel wall (dashed blue line), without residing in the inner leaflet.
PL, phospholipid. The O-antigen of LPS has been omitted for clarity.
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For affinity pulldowns with pBPA-containing LptE-His, overnight cultures
of the same strains were diluted 1∶100 into 1.5 L of the same media and
grown to midlog phase. Each culture was split in half, and each sample
was pelleted and either used directly or resuspended in 1∕10 of the original
volume in ice-cold TBS pH 8.0 and irradiated with UV light at 365 nm for
15 min. All samples were subsequently kept at 4 °C and protected from light.
Samples were resuspended in 15 mL ice-cold TBS containing 1% Anzergent
3–14 (Anatrace), 100 μg∕mL lysozyme, 1 mM PMSF, and 50 μg∕mL DNase I,
lysed by sonication, and centrifuged at 18;500 × g in a table-top centrifuge
for 30 min. Nickel affinity purification was performed as described (10).
Eluates were concentrated to a final volume of approximately 200 μL using
3,000 Da cut-off Amicon centrifugal concentrators (Millipore) and analyzed
by SDS-PAGE and Western blotting. For experiments with pBPA-containing
LptD (Fig. 3C), the same procedure was followed with MC4100 ΔlptD2∷kan
strains harboring pSup-BpaRS-6TRN, pCLlptE-His, and pET23/42lptD contain-
ing the TAG stop codon at the indicated positions.

Overexpression and Purification of pBPA-Containing LptD/E Complexes and in
Vitro Photocrosslinking. The method for overexpression and purification of
LptD/E was as previously reported (10), except that each BL21(DE3) overex-
pression strain harbored pSup-BpaRS-6TRN in addition to pET23/42lptD
and amber-mutant pCDFlptE-His. The usual media (10) were supplemented
with 15 μg∕mL chloramphenicol and 180 μM pBPA.

Other methods are described in SI Text.
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