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The outer membrane (OM) of most Gram-negative bacteria con-
tains lipopolysaccharide (LPS) in the outer leaflet. LPS, or endo-
toxin, is a molecule of important biological activities. In the host,
LPS elicits a potent immune response, while in the bacterium, it
plays a crucial role by establishing a barrier to limit entry of
hydrophobic molecules. Before LPS is assembled at the OM, it must
be synthesized at the inner membrane (IM) and transported across
the aqueous periplasmic compartment. Much is known about the
biosynthesis of LPS but, until recently, little was known about its
transport and assembly. We applied a reductionist bioinformatic
approach that takes advantage of the small size of the proteome
of the Gram-negative endosymbiont Blochmannia floridanus to
search for novel factors involved in OM biogenesis. This led to the
discovery of two essential Escherichia coli IM proteins of unknown
function, YjgP and YjgQ, which are required for the transport of
LPS to the cell surface. We propose that these two proteins, which
we have renamed LptF and LptG, respectively, are the missing
transmembrane components of the ABC transporter that, together
with LptB, functions to extract LPS from the IM en route to the OM.

ABC transporter � bioinformatics � endosymbiont � membrane biogenesis

The hallmark of Gram-negative bacteria is the presence of two
extracytoplasmic membranes: the inner and outer mem-

branes. The inner membrane (IM), which surrounds the cyto-
plasm, is separated from the outer membrane (OM) by an
aqueous compartment known as the periplasm (1, 2). The IM is
composed of phospholipids, integral transmembrane (TM) pro-
teins that span the IM with �-helical TM domains, and lipopro-
teins (3, 4). In contrast, the OM is typically an asymmetric lipid
bilayer where the inner leaflet is composed of phospholipids and
the outer leaflet is composed mainly of lipopolysaccharide (LPS)
(5). In addition, the OM contains lipoproteins and integral outer
membrane proteins (OMPs), most of which span the OM via
antiparallel �-sheets that fold into �-barrels (4, 6). Although
some Gram-negative bacteria lack LPS and in others LPS is not
essential (7), LPS is essential in Escherichia coli, Salmonella, and
probably many other bacteria.

In E. coli, the main function of the OM is to serve as a selective
permeability barrier against many toxic chemicals, such as
detergents and antibiotics (1). Porin proteins in the OM control
permeability to hydrophilic molecules, but unlike typical phos-
pholipid bilayers, the OM is quite impermeable to hydrophobic
molecules, mainly because of LPS (1). For the OM to serve as
a barrier, all OM components must be assembled properly. None
of the components of the OM are synthesized in situ, so they must
be transported to the OM from their site of synthesis. All OMPs
and lipoproteins are made in the cytoplasm and cross the IM
through the Sec translocon (3). After their signal sequence is
removed, OMPs are thought to travel across the periplasm aided
by chaperones that deliver them to the OM Bam complex
(�-barrel assembly machine, formerly known as the YaeT com-
plex) for assembly (8–12). Lipoproteins are modified at the
periplasmic face of the IM by signal sequence cleavage and the

addition of lipid moieties at the N terminus. OM lipoproteins
interact with the ABC transporter LolCDE, which extracts them
from the IM and passes these proteins to the periplasmic
chaperone LolA for delivery to LolB at the OM (4).

Both phospholipids and LPS are synthesized at the cytoplas-
mic face of the IM and are flipped across the bilayer by the ABC
transporter MsbA (13, 14). In addition, phospholipids can be
f lipped by an ATP-independent mechanism that involves
�-helical TM peptides (15). How phospholipids are transported
to the OM is unknown. In contrast, several factors required for
LPS transport to the cell surface have recently been identified
and a transport model analogous to the aforementioned Lol
system has emerged (16–19). The IM-associated cytoplasmic
ATPase LptB (for LPS transport) is thought to be the nucleoti-
de-binding domain (NBD) component of an LPS ABC trans-
porter (18), but its TM components are unknown. The bitopic
IM protein LptC (formerly YrbK) is also required for LPS
extraction from the IM (A. Polissi, personal communication);
however, its simple topology suggests that it cannot serve as the
integral TM component of an ABC transporter (20). At the OM,
the LptDE (formerly Imp–RlpB) complex is required for the
assembly of LPS at the cell surface (16, 17, 19). Periplasmic LptA
could be the chaperone that transports LPS across the periplasm
(18); however, in vivo experiments question the existence of a
soluble periplasmic intermediate (21).

There are still OM biogenesis factors yet to be identified, such
as those involved in phospholipid traffic to the OM. More than
40% of the proteins in E. coli K-12 are of unknown function (22),
so to limit the number of potential candidates for OM biogenesis
factors, we applied a reductionist bioinformatic approach. This
led to the discovery that the essential IM proteins YjgP and YjgQ
are required for LPS transport to the cell surface in E. coli. We
propose that YjgP and YjgQ are the TM component of the ABC
transporter that, together with the NBD LptB (18), extracts LPS
from the IM. Therefore, YjgP and YjgQ are renamed LptF and
LptG, respectively.

Results
Rationale. Our goal was to identify novel OM assembly factors in
E. coli. To do so, we filtered the large body of published
bioinformatic data through a series of criteria until we obtained
a small number of candidates suitable for experimental testing.
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This goal was attained after applying the following consecutive
filters, which are based on properties we predict unknown OM
biogenesis factors to have. First, an OM assembly factor should
be an envelope protein. Second, an OM assembly factor should
be present in Gram-negative endosymbiotic bacteria possessing
an OM similar in composition to that of E. coli’s. We applied this
filter because evolution of endosymbionts is marked by extensive
gene loss (23). Thus, their genomes are among the smallest ones
known; still, they encode all of the machinery required for
building a bacterial cell. Third, we focused on those remaining
proteins that are predicted to be essential in E. coli because the
OM is an essential organelle, and of unknown function—that is,
they are encoded by ‘‘y’’ genes.

Identification of LptFG as Potential OM Biogenesis Factors. To em-
ploy the strategy described above, we first obtained a list of the
1,479 envelope proteins in E. coli from EchoLOCATION (24).
We next searched for published genomes of endosymbiotic
bacteria that encode enzymes for the biosynthesis of LPS
because such bacteria would likely have an OM resembling that
of E. coli. Particularly, we were interested in endosymbionts
phylogenetically related to E. coli.

We chose Blochmannia floridanus because its genome, which
encodes 583 proteins (25), is the smallest one among endosym-
bionts that, like E. coli, belong to the Enterobacteriaceae family.
Despite the fact that the Bl. floridanus proteome is only 14% the
size of E. coli’s, BLAST searches revealed that it contains most
of the major OM biogenesis factors known in E. coli; only SecG,
DegP, BamB (formerly YfgL), and LolB were absent in Bl.
floridanus [supporting information (SI) Table S1]. In E. coli,
LolB is essential (26) but SecG, DegP, and BamB are not under
normal growth conditions (27–29). In contrast, Bl. floridanus
encodes all of the known proteins required for LPS assembly in
E. coli. Overall, this comparative analysis reveals the Bl. flori-
danus proteome as a great candidate for our studies.

We then used GeneVenn (30) to find that 109 of the 1,479 E.
coli envelope proteins are present in the Bl. floridanus. We
filtered this list through that of essential proteins provided by
Baba et al. (22) using GeneVenn (30). This yielded 40 proteins,
8 of which are encoded by y genes. Of these eight Y proteins,
three lack published demonstration of their function: YrbK,
YjgP, and YjgQ. However, as stated above, Polissi and collab-
orators (A. Polissi, personal communication) have shown that
YrbK (now LptC) is required for LPS transport across the cell
envelope, validating our approach. Therefore, we sought to
determine whether YjgP and YjgQ function in OM biogenesis in
E. coli. These two proteins are the focus of our work, and we have
renamed them LptF and LptG, respectively, for reasons stated
below.

In both E. coli and Bl. floridanus, lptF and lptG are located in
a two-gene operon and their expression must be cotranslation-
ally coupled because the stop codon of lptF overlaps with the
start codon of lptG. Both LptF and LptG are homologous to each
other (23.457% identity overall; FASTA analysis) and they
belong to the Pfam family PF03739, which has been annotated
as the ‘‘predicted permease YjgP/YjgQ family’’ (31). This motif
encompasses their entire ORF, but there is no experimental
evidence to support permease function. However, prediction and
experimental studies show that both LptF and LptG have a
topology typical of the TM domain (TMD) component of ABC
transporters (20) because they are IM proteins containing six
TM segments with cytoplasmic N and C termini (32).

Links Between LptF/LptG and LPS Biogenesis. Searches to investigate
the conservation of the lptFG operon among Gram-negative
bacteria revealed linkage with lpt genes, which are required for
LPS transport. In Caulobacter crescentus CB15, the 3� end of lptG
has a 7-bp overlap with the gene encoding the ortholog of the

OMP LptD. In Synechococcus sp. CC9311, the start codon of
lptG overlaps with the last stop codon in the lptAB operon. We
also found in Thermatoga maritima MSB8 a 1,074-aa hypothet-
ical protein (TM1735) with an N-terminal domain belonging to
the aforementioned Pfam YjgP/YjgQ family that is followed by
an OstA domain (Pfam: PF03968), which, in E. coli, constitutes
most of LptA and the N terminus of LptD. Together, these
findings suggest that LptFG could participate in LPS biogenesis.
Furthermore, because of their abovementioned topology, we
hypothesized that LptF and LptG could be the missing TMD of
the ABC transporter that, with the NBD LptB, releases LPS
from the IM.

Both lptF and lptG Are Essential. lptFG are predicted to be essential
in E. coli (22, 33). In agreement with these predictions, we could
not delete either one or both genes unless we provided in trans
a copy of the lptFG operon under the control of the PBAD
promoter and grew strains in the presence of its inducer arab-
inose (34). We therefore constructed three E. coli strains in
which we could deplete LptF, LptG, or both by inserting an
arabinose-inducible copy of the lptFG operon at the �att site and
deleting one or both native chromosomal genes (35). In the
resulting strains, NR1139, NR1141, and NR1113, we can stop
expression of lptF, lptG, or both, respectively, by omitting the
inducer arabinose from the growth medium.

The growth of all three depletion strains is arabinose-
dependent (Fig. S1), demonstrating that both lptF and lptG are
essential in E. coli. In the presence of arabinose, all three strains,
NR1139 (LptF-depletion), NR1141 (LptG-depletion), and
NR1113 (LptFG-depletion), grow similarly to the parent lptFG
diploid strain. However, when all three depletion strains are
diluted in media without arabinose, growth ceases after approx-
imately four generations, and a low level of lysis is evidenced by
a slight decrease in cell density and an increased accumulation
of cell debris. Light microscopy also showed that all three
depletion strains form filaments composed of 10–20 cells with
constricted septa when grown without arabinose (data not
shown). In agreement with our hypothesis that LptF and LptG
are involved in LPS transport, similar phenotypes have been
reported for cells where each of the lpt gene products LptABDE
have been depleted (17–19).

Low Levels of LptF and/or LptG Cause Increased OM Permeability and
Abnormal Membrane Structures. Strains with defects in LPS bio-
genesis exhibit increased sensitivity to many hydrophobic anti-
biotics and detergents (36–38). We found that in media con-
taining low levels of arabinose (0.0067%), all three depletion
strains, NR1139, NR1141, and NR1113, exhibit increased sen-
sitivity to hydrophobic antibiotics (Table S2), demonstrating that
low levels of these IM proteins compromise the barrier function
of the OM.

Depletion of each of the lpt gene products LptABDE causes
striking alterations in envelope structure (18, 19). TEM (Fig. S2)
revealed that in the presence of inducer, the cell envelope of the
LptFG double-depletion strain appears normal, but depletion of
LptFG results in defective envelopes that include extra mem-
branous material in the periplasm. This phenotype is character-
istic of cells where LPS transport has been compromised (18, 19).

Depletion of LptF and/or LptG Leads to Altered LPS but Does Not
Affect OMP Assembly. Depletion of LptAB results in an anoma-
lous form of LPS that migrates as a ladder in gel electrophoresis
(18). We observe a similar LPS ladder that increases in size with
depletion time in each of our three depletion strains, NR1139
(LptF-depletion), NR1141 (LptG-depletion), and NR1113
(LptFG-depletion). The appearance of this ladder is a conse-
quence of LptF and/or LptG depletion because it is absent when
these strains are grown with arabinose (Fig. 1A).
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The LPS molecule can be divided into three structural por-
tions: lipid A, core, and O-antigen (39). Ligation of O-antigen to
core by WaaL (RfaL) occurs at the periplasmic face of the IM
(14). Despite the fact that E. coli K-12 lacks O-antigen (40),
WaaL is present and can ligate colanic acid to the LPS core, and
the resulting LPS migrates in gel electrophoresis as a ladder
resembling those reported here (41). Moreover, colanic acid
ligation to LPS occurs upon depletion of LptABDE (A. Polissi,
personal communication). Therefore, we tested whether WaaL
was required for the appearance of the LPS ladder upon
depletion of LptFG in NR1113. As Fig. 1B shows, deletion of
waaL blocks the production of the LPS ladder that appears in the
absence of arabinose. Because WaaL-mediated ligation occurs at
the periplasmic face of the IM, these results demonstrate that
LptFG function after MsbA translocates LPS across the IM.

LptDE are required for the transport of LPS to the cell
surface, but their depletion does not affect OMP biogenesis (19).
If LptFG function in LPS transport, we would expect the same
phenotype. Defects in OMP assembly lead to decreased levels of
OMPs primarily because the mistargeted molecules are de-
graded by the periplasmic protease DegP (10). Thus, we com-
pared the levels of three OMPs (LamB, OmpA, and LptD) in
each of our three depletion strains grown with or without
arabinose. As shown in Fig. 2, in the presence of arabinose, all
depletion strains contain normal levels of OMPs. Upon deple-
tion of LptF and/or LptG, levels of LptD and OmpA remain
constant in all strains, whereas LamB levels actually increase
(Fig. 2). Such increase is probably caused by the loss of catabolite
repression of lamB synthesis upon removal of arabinose from the
medium.

Although LptFG are clearly not involved in OMP biogenesis,
their depletion causes a significant increase in DegP levels (Fig.
2). Likely, DegP levels increase during depletion of LptF and/or
LptG because the �E response is induced by defects in LPS

transport to the OM, as LPS defects are known to induce this
stress response (42).

Depletion of LptFG Leads to Modification of LPS by PagP. LPS defects
caused either by defective LPS biogenesis or by the release of
LPS molecules from the OM during EDTA treatment result in
the translocation of phospholipids to the outer leaf let of the
OM (16, 19, 43). This translocation activates the OM enzyme
PagP, which transfers a palmitate group from a phospholipid
to lipid A (44), converting wild-type, hexa-acyl lipid A to
hepta-acyl lipid A (45). Therefore, we can use the appearance
of hepta-acyl lipid A as a reporter of defects in LPS transport
(16, 19).

We analyzed the different species of lipid A by MALDI-TOF
MS (19, 46) and saw that, as expected, the spectrum from the
lptFG diploid strain NR1111 (Fig. 3A) contains a peak that
corresponds to hexa-acyl lipid A (m/z 1,797.6) but not one
corresponding to hepta-acyl lipid A (m/z �2,040). However,
treatment of this diploid strain with EDTA causes the appear-
ance of hepta-acyl lipid A (m/z 2,043.7; Fig. 3B) because it causes
translocation of phospholipids to the cell surface and activation
of PagP (43, 44).

Samples from all three depletion strains NR1113, NR1139,
and NR1141 grown with arabinose also each showed a peak
corresponding to hexa-acyl lipid A but not one corresponding to
hepta-acyl lipid A (Fig. 3C and data not shown). We also found
minor peaks (m/z 1,921–1,940; Fig. 3C and data not shown)
indicative of additional modifications that could correspond to
phosphoethanolamine- or aminodeoxypentose-modified lipid A,
molecules that appear when the OM is damaged (39, 47).
Therefore, even under inducing conditions, our depletion strains
have slight defects in LPS biogenesis.

Depletion of LptF and/or LptG significantly alters the
MALDI-TOF spectra. In all three depletion strains, growth
without arabinose leads to the appearance of hepta-acyl lipid A
(Fig. 3D and data not shown), similarly to what is observed upon
depletion of either LptD or LptE (19). In addition, depletion of
LptF and/or LptG causes an increase in the intensity of peaks
with an m/z 1,921–1,940 value (Fig. 3D and data not shown).
Thus, depletion of LptF and/or LptG allows translocation of
phospholipids to the outer leaflet of the OM. In addition, in
every test conducted, depletion of LptF, LptG, or both confers
the same phenotypes, suggesting that they both function in the
same pathway.

LptFG Are Required for the Transport of LPS to the Cell Surface. Based
on their topology (32), we hypothesized that LptFG constitute

B

Ara:

∆∆lptFG

+ - - + - -

∆lptFG ∆waaL

5.8 2.7 5.8 5.8Time (h) 2.7 5.8

A

∆lptFG

Time (h)

- ARA

42 7.5

∆lptF

∆lptG

+ ARA

4 7.5

Fig. 1. Depletion of LptF and/or LptG leads to altered LPS. (A) Samples from
depletion strains NR1113, NR1139, and NR1141 grown for the time indicated
below panels in the presence (�ARA) or absence (�ARA) of arabinose were
subjected to LPS immunoblotting. Samples correspond to the growth curve
presented in Fig. S1B. (B) The ladder-like mobility of LPS in LptFG-depletion
strain NR1113 grown in the absence of arabinose is WaaL-dependent.
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Fig. 2. Depletion of LptF and/or LptG does not affect OMP biogenesis but
increases DegP levels. Samples from depletion strains NR1113, NR1139, and
NR1141 grown for the time indicated below panels in the presence (�ARA) or
absence (�ARA) of arabinose were subjected to immunoblotting for OMPs
(LptD, LamB, and OmpA) and the periplasmic protease DegP. Samples corre-
spond to the growth curve presented in Fig. S1B.
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the missing TMD of the ABC transporter that releases LPS from
the IM. If they are indeed required for LPS transport to the OM,
their depletion should stop this essential step and LPS synthe-
sized after depletion should not reach the cell surface.

We can exploit the fact that only LPS located at the cell surface
is modified by PagP (44) to determine whether de novo-
synthesized LPS reaches the cell surface, using a pulse–chase
assay (19). As stated above, depletion of LptF and/or LptG
causes the appearance of PagP-modified LPS. LPS that had been
transported to the cell surface before depletion can be easily
modified by PagP, but we wanted to know whether LPS that was
synthesized after depletion could also be modified by PagP.
Absence of modification of the LPS made after depletion would
indicate that LPS cannot reach the outer leaflet of the OM
without LptFG.

We monitored the modification status of newly synthesized
LPS by labeling with [1-14C]acetate and separating LPS species,
using TLC (19). As controls, lptFG diploid strain NR1111 grown
with arabinose was either treated with EDTA to induce modi-
fication of LPS by PagP or not treated (44). In agreement with
Fig. 3 A and B, most of the LPS in NR1111 contains hexa-acyl
lipid A, but EDTA treatment greatly increases the levels of
hepta-acyl LPS (Fig. 4, lanes 1 and 2). Also as expected, the main
LPS species in LptFG double-depletion strain NR1113 grown
with arabinose contains hexa-acyl lipid A (Fig. 4, lane 3). If we
monitor steady-state LPS species by labeling at the time of
subculturing in the absence of arabinose, we see that depletion
of LptFG significantly increases the amounts of hepta-acyl LPS
(Fig. 4, lane 4). In contrast, if we label LPS after depletion, we
can only detect hexa-acyl radiolabeled LPS (Fig. 4, lane 5),
demonstrating that without LptFG, de novo LPS cannot be
modified by PagP. We conclude that, under these conditions,
LPS does not reach the cell surface.

Discussion
Here, we have applied a bioinformatic approach that takes
advantage of the small genome of bacterial endosymbionts to
identify two essential IM proteins, LptF and LptG, required for
the transport of LPS from the periplasmic face of the IM to the
OM in E. coli. LptFG are encoded by a two-gene operon, and
they function in the same pathway, because depletion of one or
both proteins results in indistinguishable phenotypes. Given that
both are IM proteins with the typical topology of the IM
components of ABC transporters (i.e., 6-TM segments with
cytoplasmic N and C termini) (20, 32), we propose that LptF and
LptG are the missing TM components of the ABC transporter
whose function is to extract LPS from the outer leaflet of the IM
en route to the OM. Likely, the NBD component of this ABC
transporter is LptB (18).

The recently discovered envelope factors required for LPS
transport (16–19) support a model that is analogous to the Lol
system, which shuttles OM lipoproteins from the IM to the OM
(4, 18). According to this model, LPS transport requires an ABC
transporter at the IM (LptBFG), a periplasmic protein (LptA),
and an OM assembly site (LptDE). It is logical to envision that
once MsbA translocates LPS to the periplasmic face of the IM,
LPS interacts with LptFG, the TMD of the LptBFG ABC
transporter. Then, LptB provides, through ATP hydrolysis, the
energy required for extraction of LPS from the IM. LptA could
serve as a periplasmic chaperone that delivers LPS to the OM
LptDE complex for assembly at the cell surface.

The Lpt and Lol systems are strikingly similar in composition,
but we do not know the extent of their similarity at the
mechanistic level. For example, the Lol system lacks LptC and
LptD equivalents. In addition, although the Lol pathway includes
a soluble periplasmic intermediate composed of LolA and its
cargo (4), it is not clear whether the Lpt system does. LptA, when
overexpressed, can be detected in the periplasmic fraction (18).
Yet, in vivo data show that LPS transport can occur at IM-OM
contact sites without the release of soluble intermediates (21).
Although these data do not distinguish whether such sites are
membrane or protein bridges, they are consistent with the idea
that a single functional machine that spans the periplasm trans-
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ports LPS across the envelope without a soluble intermediate.
Notably, LptFG and LptC possess large periplasmic domains
that could mediate physical interactions even with components
at the OM.

Having identified most, if not all, of the essential compo-
nents required for LPS assembly, the focus of future research
must be to clarify the mechanistic role played by each of these
envelope proteins. While it seems likely that LptBFG are
involved in providing the energy to extract LPS from the IM,
it is less clear how the hydrophobic LPS molecule transits the
periplasm to reach the OM machinery (LptDE) required for
its insertion in the outer leaf let of the OM. Is there a soluble
intermediate, or is there a physical structure that effectively
connects the two membranes? Available evidence does not
clearly distinguish these two models. What is clear is that if a
physical bridge is required for transport, new biochemical
methods will need to be developed to study this process.
However, developing these tools will be well worth the effort
given the pressing need for new antibiotics that can target
Gram-negative bacteria and the great potential of proteins in
the LPS pathway as antibiotic targets.

Materials and Methods
Bacterial Strains. Except DY378 (48), all strains are derivatives of NR754, an
araD� revertant of MC4100 (49). Alleles were transferred using P1 transduc-
tion (50). The �rfaL::kan allele from the Keio collection (22) was introduced
into NR1113 to yield NR1118.

Growth Conditions. Luria–Bertani (LB) broth and agar were prepared as de-
scribed in ref. 50. Except for recombineering (48), all liquid cultures were
grown under aeration at 37°C, and their growth was monitored by optical
density at 600 nm (OD600). When appropriate, kanamycin (25 �g/ml), ampi-
cillin (125 �g/ml for plasmid maintenance and 25 �g/ml for strains with InCh
alleles), and arabinose (0.2% wt/vol) were added. Unless indicated otherwise,
for depletions, 1 ml of overnight cultures grown with arabinose was pelleted,
washed once with LB broth, and resuspended in 1 ml of LB broth. Fresh LB
broth with or without arabinose was inoculated with a 1:500 dilution of
washed cultures, except with NR1139, for which a 1:1,000 dilution was used.

Contruction of lptFG Diploid Strain. We amplified lptFG (from 26 bp upstream
of lptF to 71 bp downstream of lptG) from MC4100 using primers
5YjgP4484215EcoRI (5�-CGGAATTCGACGAGTTTTTACGGGCG) and 3yjgQ-
4486494XbaI (5�-GCTCTAGACAGGAATGAACGAAGCACAC). The PCR product
and plasmid pBAD18 (34) were digested with EcoRI and XbaI and ligated to
produce pBADyjgPQ1. pBADyjgPQ1 was integrated into the �-att site of
NR754 using the �InCh procedure (35) to yield NR1111.

Construction of LptF and LptG Depletion Strains. To construct a �lptFG::kan
allele where the lptFG locus was deleted from the �53 bp position of lptF ORF
to 70 bp downstream of the lptG ORF, we used primers yjgP4484119P1
(5�-GTGAATCCGTTGAGTATAATTATCTTAGCGACGATTTCGACGACTCAAGAG-
AATAAATGACGTTTAAGCCGTGTAGGCTGGAGCTGCTTC) and yjgQ4486494P2
(5�-GCCTGATGCGACGCTGGCGCGTCTTATCATGCCCACCCCACTGCAATATA-
TTGAATTTTAATTATTTTTCCATATGAATATCCTCCTTA) to amplify from pKD4
(51) a PCR product that contains a kanamycin-resistance cassette flanked by 70
bp of homology to the target sequences in the lptG locus. This PCR product was

electroporated into DY378 (pBADyjgPQ1) for recombineering (48). Transfor-
mants were selected in media with kanamycin and arabinose. The resulting
�lptFG::kan allele was introduced into NR1111 using P1 transduction by
selecting on media containing kanamycin and arabinose to yield NR1112. The
kan cassette was excised (51) to generate the LptFG-depletion strain NR1113.
The same procedures were used to construct LptF- and LptG-depletion strains
NR1139 and NR1141, respectively, except with the following modifica-
tions. Primer pairs yjgPDEL1P1 (5�-ATAAATGACGTTTAAGCCATGAAA-
CAAGCTAAAATCCTGCAAAAGACGAGTTTTTACGGGCGTATTTAAAGTGTA-
GGCTGGAGCTGCTTC) and yjgQDEL1P2 (5�-ACAGTGTCATCATGATGGTGGTG-
AAAATAGTTTTACCGATATAGCGGTCAAGTACGCCAAAAGGTTGCATCAT-
ATGAATATCCTCCTTa) and yjgQDEL1P1 (5�- CCTTTGGGACACCGTGCCGGTC-
CGCCGCCTGCGCGCCAGTTTTTCGCGTAAAGGAGCGGTGTGATGCAACGTG-
TAGGCTGGAGCTGCTTC) and yjgQ4486494P2 were used to construct the
�lptF::kan and �lptG::kan alleles, respectively, in DY378 (pBADyjgPQ1). These
single-depletion alleles were moved into NR1111 to yield NR1137 and NR1140,
respectively, and strains NR1139 and NR1141 were obtained after their kan
cassette was excised (51).

Immunoblotting. One-milliliter samples from cultures were pelleted
(16,000 � g, 2 min). To standardize samples, pellets were resuspended in a
volume (ml) of SDS sample buffer equal to OD600/10. Samples were boiled
for 10 min, and equal volumes were subjected to electrophoresis. For OMP
and DegP detection, we used SDS/10% PAGE and immunoblotting was
performed using LptD (1:7,000 dilution), DegP, LamB, and OmpA (1:30,000
dilution) rabbit polyclonal sera as described in ref. 38. For LPS immunoblots,
we used SDS/15% PAGE with a Tris-Tricine SDS buffer system (National
Diagnostics), mouse monoclonal antiserum against LPS core (1:5,000 dilu-
tion; HyCult Biotechnology), and goat anti-mouse horseradish peroxidase
conjugate (Bio-Rad) (1:10,000 dilution). Bands were visualized using the
ECL antibody detection kit (Amersham Pharmacia Biotech) and Hyblot CL
film (Denville Scientific).

Isolation of Lipid A and MS Characterization. Overnight cultures of NR1111,
NR1113, NR1139, and NR1141 were diluted 1:1,000 into 25 ml of LB broth with
or without arabinose and grown until growth of the depleted and nonde-
pleted cultures diverged (�3.5 h for NR111, NR1113, and NR1141, and �4 h for
NR1139). Cells were treated and lipid A was extracted as described in ref. 19.
Spectra were acquired in the negative reflector mode using a time-of-flight
MALDI Voyager DE Pro mass spectrometer (Applied Biosystems) equipped
with a 337-nm nitrogen laser and set at a 20-kV extraction voltage. Each
spectrum was the average of 100 shots.

Labeling LPS and TLC Analysis. Two 25-ml cultures of NR1111 and NR1113 and
a 50-ml culture of NR1113 were inoculated from overnight cultures by 1:1,000
dilution into LB broth. Twenty-five microliters of 1 mCi/ml sodium [1-14C]ac-
etate was added to all but the 50-ml culture. One 25-ml NR1113 culture was
grown with arabinose; the other two NR1113 cultures lacked arabinose. Cells
were grown until growth of the depleted cultures started to diverge. At this
point, the 50-ml NR1113 culture was pulse-labeled with 50 �l of 1 mCi/ml
sodium [1-14C]acetate, and all cultures were grown for an additional 30 min.
Ten minutes before harvesting, 25 mM EDTA was added to one of the NR1111
cultures. Samples were processed and subjected TLC as described in ref. 19.

For details on compound sensitivity and electron microscopy, see SI Text.
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