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ABSTRACT Lipopolysaccharide (LPS) is an essential component of the outer mem-
brane (OM) of many Gram-negative bacteria, providing a barrier against the entry of
toxic molecules. In Escherichia coli, LPS is exported to the cell surface by seven
essential proteins (LptA-G) that form a transenvelope complex. At the inner mem-
brane, the ATP-binding cassette (ABC) transporter LptB,FG associates with LptC to
power LPS extraction from the membrane and transfer to the periplasmic LptA pro-
tein, which is in complex with the OM translocon LptDE. LptC interacts both with
LptB,FG and LptADE to mediate the formation of the transenvelope bridge and reg-
ulates the ATPase activity of LptB,FG. A genetic screen has previously identified sup-
pressor mutants at a residue (R212) of LptF that are viable in the absence of LptC.
Here, we present in vivo evidence that the LptF R212G mutant assembles a six-pro-
tein transenvelope complex in which LptA mediates interactions with LptF and LptD
in the absence of LptC. Furthermore, we present in vitro evidence that the mutant
LptB,FG complexes restore the regulation of ATP hydrolysis as it occurs in the
LptB,FGC complex to achieve wild-type efficient coupling of ATP hydrolysis and LPS
movement. We also show the suppressor mutations restore the wild-type levels of
LPS transport both in vivo and in vitro, but remarkably, without restoring the affinity
of the inner membrane complex for LptA. Based on the sensitivity of IptF suppressor
mutants to selected stress conditions relative to wild-type cells, we show that there
are additional regulatory functions of LptF and LptC that had not been identified.

IMPORTANCE The presence of an external LPS layer in the outer membrane makes
Gram-negative bacteria intrinsically resistant to many antibiotics. Millions of LPS mole-
cules are transported to the cell surface per generation by the Lpt molecular machine
made, in E. coli, by seven essential proteins. LptC is the unconventional regulatory subu-
nit of the LptB,FGC ABC transporter, involved in coordinating energy production and
LPS transport. Surprisingly, despite being essential for bacterial growth, LptC can be
deleted, provided that a specific residue in the periplasmic domain of LptF is mutated
and LptA is overexpressed. Here, we apply biochemical techniques to investigate the
suppression mechanism. The data produced in this work disclose an unknown regula-
tory function of LptF in the transporter that not only expands the knowledge about the
Lpt complex but can also be targeted by novel LPS biogenesis inhibitors.
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Control of LPS Transport in Gram-Negative Bacteria

he hallmark of the cell envelope of Gram-negative bacteria is the presence of an

outer membrane (OM) that surrounds the cytoplasmic inner membrane (IM), delim-
iting an aqueous space where peptidoglycan is embedded (1). The IM consists of a
phospholipid bilayer unlike the OM, which is asymmetric, with phospholipids in the
inner leaflet and lipopolysaccharide (LPS) in the outer leaflet of its bilayer (2). Tight
packing of LPS molecules exclusively in the outer leaflet of the OM creates a barrier
that protects Gram-negative bacteria from hydrophobic noxious agents, such as antibi-
otics, allowing their survival in different and hostile environments (3). Accordingly, LPS
is an essential structure in most Gram-negative organisms (4) and defects in the integ-
rity of the LPS layer increase their sensitivity to several antibiotics (3). Therefore, a
deeper understanding of the molecular mechanisms that drive the building of the OM
is fundamental for the development of novel strategies to fight bacterial infections.

LPS synthesis begins in the cytoplasm and is completed at the periplasmic side of
the IM (5). Mature LPS molecules are then extracted from the IM and transported
through the periplasm to the OM by the Lpt transenvelope protein complex, com-
posed of seven conserved LPS transport proteins (LptA to G) (Fig. 1A) (6, 7).

In Escherichia coli, the Lpt proteins are essential and organized in three subcom-
plexes spanning all compartments of the cell (6, 8-11). At the IM, a dimer of the ATP-
binding protein LptB is associated with the transmembrane proteins LptF and LptG,
and with the bitopic protein LptC, to form the ABC transporter responsible for energiz-
ing the detachment of LPS from the IM (8, 10, 12-15). LptB,FGC is an unconventional
ABC transporter in that the unique transmembrane helix (TM) of LptC is sandwiched
between the TMs of LptF and LptG where it contributes to the formation of the cavity
that accommodates LPS before its extraction (14, 16, 17). The periplasmic domain of
LptC adopts the characteristic B-jellyroll fold shared by the periplasmic domains of five
out of seven Lpt proteins (LptACFGD) (16-20) and interacts with the periplasmic do-
main of LptF, forming a continuous hydrophobic path for LPS export (16).

The energy provided by LptB,FGC is employed to move LPS molecules onto LptC
(13, 16, 21) and further into the hydrophobic interior of the periplasmic bridge formed
by the B-jellyroll domains of LptA (18) and LptD (11, 22-24). The relevance of LptCAD
bridge formation has been recently demonstrated by showing that LptA is required in
vitro to connect vesicles bearing the IM and OM Lpt subcomplexes, thus allowing effi-
cient LPS trafficking (7). Accordingly, each protein of the periplasmic bridges was previ-
ously shown to directly interact with LPS (13, 16, 20, 22, 25, 26).

Despite the wealth of structural and biochemical information gained so far, the
mechanism that couples energy production by LptB,FGC with LPS movement into
the transenvelope bridge, as well as the role of the unconventional LptC subunit of
the transporter, is still poorly understood. Intriguingly, the interaction of the TM of
LptC with LptB,FG has been shown to regulate the activity of the transporter, ensur-
ing more efficient coupling between ATP hydrolysis and LPS transport (7, 16, 17, 27).
In line with these observations, the topology of LptC is conserved among ortholo-
gous proteins, despite the low sequence similarity (28), highlighting the crucial role
of this unusual subunit of the Lpt ABC transporter.

To gain deeper insights into the function of LptC in the transporter, we previously
screened for suppressor mutations that overcome the lethality of the deletion of IptC
upon LptA overexpression (29). All suppressor mutants isolated bore substitutions of
the residue R212 in the B-jellyroll domain of LptF, strongly suggesting that the mutant
LptF protein might enable LptA to substitute for LptC in the assembly of the Lpt ma-
chinery. In this work, we use in vivo and in vitro techniques to understand how these
mutations are capable of restoring LPS transport in the absence of LptC.

RESULTS

LptFR212G mutant assembles a six-protein Lpt complex. In a previous work, we
showed that three amino acid substitutions at residue R212 of LptF, namely, R212G,
R212S, and R212C (collectively defined as IptF°“r¢ mutants), suppress the lethal
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FIG 1 A mutation in LptF bypasses the essentiality of LptC. (A) Schematic representation of the
Escherichia coli lipopolysaccharide transport (Lpt) machinery. The lipopolysaccharide (LPS) is transported to
the cell surface by a transenvelope complex comprising seven proteins (LptA to G). The ABC transporter
LptB,FGC extracts LPS from the inner membrane (IM) and, via the soluble domain of LptC, transfers it to
LptA. LPS is received at the outer membrane (OM) by the LptDE translocon, which inserts it into the
outer leaflet. (B) Ribbon representation of E. cloacae LptB,FGC structure (PDB 6MIT). LptC is colored
purple, LptG is yellow, LptF is green, and LptB is pink. In the inset, a detail of the junction between the
LptF and LptC periplasmic domains is shown. Position R212 is depicted in magenta.

phenotype of AlptC mutations, provided that LptA is overexpressed (29). Among the
IptFsuPC mutants, we focused on the IptFR?72¢ allele because it restores not only cell via-
bility but also OM permeability of AlptC cells to a nearly wild-type level, albeit retaining
sensitivity to novobiocin (29). The localization of R212 in the periplasmic B-jellyroll do-
main of LptF at the interface with LptC (Fig. 1B) suggests that the suppressor mutants
might assemble a functional six-protein Lpt complex (16, 17, 30).

To assess the assembly of the Lpt complex in the IptF #2726 mutant in the absence of
LptC, an in vivo pulldown assay was performed (6). Total membranes were prepared
from an equal cell number of IptC* parental strain (bearing AlptCA allele comple-
mented by an isopropyl-B-b-1-thiogalactopyranoside (IPTG)-inducible tacp-driven
copy of IptC and IptA genes) and the AlptC IptFf?72¢ suppressor mutant (bearing AlptCA
allele complemented by a tacp-driven copy of IptA), both ectopically expressing C-ter-
minally His-tagged LptB (LptB-His). After n-dodecyl-8-p-maltopyranoside (DDM) solubi-
lization, membrane proteins were subjected to affinity chromatography using LptB-His
as bait. As a negative control, affinity purification was carried out from solubilized
membranes of IptC* cells transformed with the empty vector. Affinity-purified samples
were analyzed by SDS-PAGE followed by immunoblotting with a panel of specific anti-
bodies to assess the copurification of IM and OM Lpt proteins. Notably, in the AlptC
IptF?2126 suppressor mutant, LptB-His copurified LptA, LptD, and LptFR2'2G, the latter
with slightly lower affinity compared to the wild-type strain (Fig. 2A), suggesting that
in AlptC IptF??'26 mutant the IM and OM Lpt subcomplexes are physically connected.
LptC was not enriched in affinity-purified membranes from AlptC IptFf2726 cells, and, as
expected, IptC*t cells assemble the canonical seven-protein Lpt machinery. It thus
appears that the R212G amino acid substitution in LptF can bypass the requirement of
LptC and allows the assembly of a six-protein Lpt complex in cells overexpressing
LptA. These data suggest that in the AlptC IptF??72¢ mutant IM and OM are connected
by a LptFAD transenvelope bridge.

We previously showed that suppressor mutations in IptF are compatible with the
presence of LptC and that LptFP< proteins are functional in a seven-protein Lpt com-
plex (29). Therefore, we assessed whether LptC is recruited in the Lpt complex in
IptFR2126 cells. Pulldown from solubilized membranes of IptC* and AlptC IptFR?'26 strains,
ectopically expressing a C-terminally His-tagged version of LptC (LptC-His), was per-
formed. As a negative control, we used the IptC* strain transformed with the empty vec-
tor. Affinity-purified samples were analyzed as described above. As shown in Fig. STA in
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FIG 2 LptBF®?'25G allows LptF and LptA to directly interact in the absence of LptC. (A) AlptCA cells
(KG286.06 and KG295.01) carrying wild-type or mutant IptF alleles (IptF, IptF*?'?% respectively) and
ectopically expressing IptA (p) from pGS321 or IptCA (p) from pGS404 were transformed with pET23/
42 derived plasmids expressing His tagged IptB (LptB-His). Total membranes from an equal number of
cells were prepared and subjected to affinity chromatography. Immunoblot analyses with the
indicated antibodies are shown. None: void plasmid control. (*) The anti-LptA antibody cross-reacts
with an unknown protein that binds nonspecifically to the Ni-NTA resin. Blots are representative of
experiments done in triplicate. (B) Ribbon representation of the LptB,FGC structure (PDB 6MIT)
showing relevant amino acid residues. LptC is colored purple, LptG is yellow, LptF is green, and LptB
is pink. Position R212 is depicted in magenta and position Y230 is depicted in red. (C) /n vivo photo-
cross-linking followed by nickel-affinity chromatography from solubilized whole-cell lysate expressing
the indicated pBPA-containing LptF-His mutants from pET23/42 derived plasmids as bait and LptA
from pGS323. UV-dependent photo-cross-linking to LptA was detected with anti-LptA and anti-LptF
antibodies. (D) In vivo photo-cross-linking followed by nickel-affinity chromatography from solubilized
whole-cell lysate expressing LptFR2126-Y230pPBAHjg (| ptFR2126-Y23008PA) and | ptA or LptCA from pGS323
and pGS308, respectively. UV-dependent photo-cross-linking to LptA was detected with anti-LptF and
LptC antibodies. Blots are representative of experiments done in triplicate.

the supplemental material, LptC-His copurified the IM Lpt components LptB and LptF, as
well as LptA and the OM Lpt component LptD in both IptF* and IptF*?'2¢ backgrounds,
suggesting that wild-type LptC can be assembled in the Lpt mutant machinery when
LptFR212G is present. To rule out the possibility that the formation of an LptB,FGC complex
occurs through the N-terminal membrane anchor of LptC, LptB,FG and LptB,F??'26G com-
plexes, containing a N-terminal His-tagged LptB, were overexpressed and purified in
DDM micelles. The functionality of the purified protein complexes was confirmed by
measuring the ATPase activity (Fig. S1B). The proper assembly of the purified complexes
was assessed by size exclusion chromatography-multiple angle laser light scattering (SEC-
MALLS), a technique that determines the molecular weight and size of heterocomplexes,
which confirmed the predicted mass of 134 kDa. When a soluble version of LptC lacking
the TM (ATM LptGC; reference 31) was added to either the wild-type or R212G complexes,
an increase in the size of the complex confirmed that the strong interaction of LptC
through the B-jellyroll was maintained in the LptB,F*?'26G complex (Fig. S1C). We can
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TABLE 1 Summary of LptF in vivo photo-cross-linking in whole-cell experiments

LptF? Amber mutation LptC overexpression® XL-LptA
Wild type None - NO
+ NO
F160am — NO
+ nt
Q203am - NO
+ NO
R212am - NO
+ NO
E214am - NO
+ NO
Y230am - NO
+ NO
R212G None - NO
+ NO
F160am - NO
+ nt
Q203am - NO
+ NO
F213am - NO
+ nt
E214am - NO
+ NO
Y230am - YES
+ NO

9L ptF variant expressed from a high-copy number plasmid.
bWhen indicated with +, LptC was expressed from pBAD/HisA vector; nt, not tested.

therefore conclude that LptF?2'2G does not impair LptC interaction with the LptB,FR2126G
mutant complex and is compatible with the formation of the canonical seven-protein Lpt
complex.

LptFR2126G directly interacts with LptA in the absence of LptC. Based on the above
results, we postulated that in IptFsur¢ cells lacking LptC, the mutant LptB,FG complex
might interact with LptA, possibly via a direct binding of LptFur¢ to LptA. To test this
hypothesis, we carried out site-specific cross-linking by incorporating the UV-photo-
cross-linkable unnatural amino acid p-benzoylphenylalanine (pBPA) at specific sites in
LptF and LptFR212¢, pBPA was incorporated in residues around R212, based on their ori-
entation in the hypothetical interaction interface with LptA (16, 17, 30), and the
appearance of UV-dependent cross-linking products was assessed by immunoblotting.
We replaced residues F213 and E214, because they are adjacent to the suppressor site
R212 on the B7 strand of the B-jellyroll domain of LptF and have different orientations
with respect to the hydrophobic cavity; Y230 was replaced since it points toward the
interior of the cavity at the C-terminal end of the LptF periplasmic domain (89 strand).
Finally, we selected Q203 since, despite being more distant, it is oriented toward the
interior of the cavity, and F160 because it lies on the B2 strand, pointing outwards
(Fig. S2 and Fig. 2B). Site-specific mutagenesis of IptF and IptF??'2¢ for pBPA incorpora-
tion was carried out in pGS445 and in pGS451 plasmids, carrying IptF* and IptF?272¢ al-
leles, respectively, and expressing LptG and LptAB at comparable levels from the same
tacp promoter. The mutagenic plasmids were introduced into IptC* IptF* AM604 strain.
All pBPA-encoding alleles are functional since they can complement the conditional
araBp-IptFG mutant NR1113 (10) under nonpermissive conditions (F. A. Falchi and P.
Sperandeo, unpublished data). Photo-cross-linking product formation was assessed on
whole-cell extracts. As shown in Table 1 and Fig. S3, UV-dependent cross-linking prod-
ucts with a mass compatible with that expected for the LptF-LptA complex were
detected by immunoblotting using anti-LptA antibody only in cells expressing
LptFR2126-Y230BPA However, we were unable to clearly detect the LptF-LptA band with
anti-LptF antibody, due to its low specificity. Therefore, we sought to increase the
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concentration of cross-linked LptF-LptA complex in the samples by affinity-purifying
LptF after the UV treatment. To this purpose, we used wild-type AM604 cells express-
ing LptA from a tacp promoter and pBPA-substituted variants of the C-terminally His-
tagged LptF proteins (LptF-His or LptFR2'26-His) from the leaky expression plasmid
pET23/42. Whole-cell lysates from relevant strains were subjected to affinity purifica-
tion after UV treatment following a previously described procedure (16) and analyzed
by immunoblotting using anti-LptA and anti-LptF antibodies. As shown in Fig. 2C, the
higher molecular weight band purified by LptFR2126-Y230pBPA was recognized by both
the anti-LptA and anti-LptF antibodies, confirming that Y230 residue of LptFR212G s
involved in direct interaction with LptA.

We previously observed that reintroduction of a wild-type copy of IptC completely
restored the OM permeability defects of the IptF°“r¢ mutants (29). In line with this obser-
vation, pulldown experiments show that LptC can be assembled in the Lpt complex
expressing LptFR2126 (Fig. STA). We therefore evaluated whether overexpression of LptC
affected LptFR2'26-LptA cross-linking. To this end, we performed UV-photo-cross-linking
followed by affinity purification from wild-type AM604 cells expressing LptF??'26-His and
LptA or LptCA. As shown in Fig. 2D, LptFR?126-LptA cross-linking was abolished by LptC
overexpression. Interestingly, immunoblotting using anti-LptC antibodies failed to detect
a LptC-LptFR?126-His cross-linking product, suggesting that residue Y230 is not directly
involved in LptFR226-L ptC interaction, at least in the presence of LptA. Accordingly, Y230
was not included among the residues mediating LptF-LptC interaction in the wild-type
complex (16). These results were confirmed by immunoblotting on UV-photo-cross-link-
ing samples from whole-cell lysates of AM604 cells, ectopically expressing IptFG-IptAB
and IptFf2126G-IptAB operons from the tacp promoter and LptC from the inducible araBp
promoter (Table 1 and Fig. S3B). Overall, the experiments described here suggest that, in
cells lacking LptC, LptF?2'2S directly interacts with LptA, but this interaction is different
from the one occurring between LptFR2'2G or LptF and LptC.

IptFsvP¢ mutations restore coupling of LPS transport and ATP hydrolysis of
LptB,FG in the absence of LptC. We wanted to test whether the IptF°“P¢ mutations
also restore LPS transport. To test LPS release to LptA in vivo, we generated overexpres-
sion strains containing plasmids to allow simultaneous overexpression of LptA!3¢PBPA
and either LptB,FG, LptB,FGC, LptB,FR2'26G, or LptB,FR2'25G. Aliquots of the cell cul-
tures were either exposed or not exposed to UV light after growing at 37°C for 60 and
120 min after induction. Weak cross-links between LPS and LptA can be observed for
the samples overexpressing LptB,FG compared to the wild-type LptB,FGC as expected
(7, 16) (Fig. 3A). Compared to LptB,FG, overexpression of LptB,FR2'26G or LptB,FR2125G
restored strong LPS-LptA cross-linking. This suggests that LptB,FG complexes contain-
ing either LptFR212S or LptFR?'25 are capable of transferring LPS directly to LptA better
than LptB,FG. These overall data indicate that IptF°“r¢ mutations bypass the need for
LptC to detach LPS from the IM and transfer it to LptA.

It is known that the TM of LptC modulates the ATP hydrolysis rate of the LptB,FG
complex to achieve an efficient coupling between LPS transport and ATP hydrolysis
(16). We therefore tested the rate of ATP hydrolysis of wild-type and R212G and R212S
mutant LptB,FG complexes reconstituted in liposomes in the absence or presence of
LptC (Fig. 3B and Q). As expected, the presence of LptC greatly decreases the rate of
ATP hydrolysis of the wild-type LptB,FG complex, in agreement with the proposed reg-
ulatory role of the TM domain of LptC (16, 17). Interestingly, complexes containing
R212G and R212S amino acid substitutions in LptF displayed the same ATPase activity
of LptB,FGC both in the presence and in the absence of LptC, indicating that the
LptFSurc suppressor mutants can fully compensate for the regulatory activity of LptC.

The IptFs“P¢ mutations do not increase LptF affinity for LptA. The overall evi-
dence collected thus far indicated that IptF“*¢ enable the formation of a six-protein
transenvelope complex and the efficient coupling of LPS transport and ATP hydrolysis
in the absence of LptC. However, suppressor mutants display sensitivity to novobiocin,
indicative of a partially functional LPS transport (29). To further investigate possible
defects in LPS transport that are not restored by IptF*“¢ mutations, we sought to
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FIG 3 The LptB,F*?'?**G mutation restores proper coupling of ATP hydrolysis and LPS transport. (A) In
a wild-type background, LptB,FG, LptB,F*?'?°G, or LptB,FR?'>G was overexpressed in cells alongside the
overexpression of LptA-I36pBPA in all cases and LptC where indicated. In vivo transport of LPS was
assayed by detecting cross-linking of LPS to position 136 in LptA via Western blotting. Samples were
normalized to cell count. Blots are representative of experiments done in triplicate. (B) Proteoliposomes
containing the indicated inner membrane complex variants and LPS were incubated with ATP or buffer
and LptA-136pBPA. Samples were incubated for 30 min at 30°C before exposure to UV light as indicated.
Blots are representative of experiments done in triplicate. (C) LptB,FG, LptB,Ff*'?°G, and LptB,F*?'>G
complexes were purified with and without LptC and reconstituted into proteoliposomes. ATPase activity
was assayed by measuring the release of inorganic phosphate over time. Data are normalized to the
average of the LptB,FGC measurements for 3 to 6 technical replicates per sample.

reconstitute the capability of LptB,FGC complexes to form stable transenvelope
bridges in an LptA-dependent manner with LptDE in vitro (7). Proteoliposomes con-
taining LptB,FR2126G had significant (P < 0.05) defects in forming stable bridges com-
pared to proteoliposomes containing LptB,FGC indicating that LptFR2'2S is unable to
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FIG 4 The LptB,Ff*'2SG mutation facilitates transport of LPS to LptA without increasing the affinity of the LptF-LptA interaction. (A) Fluorescent
proteoliposomes containing the indicated inner membrane variant were incubated with fluorescent proteoliposomes containing LptDE and preincubated
with LptA. Composition of the proteoliposome mixture was analyzed by flow cytometry in triplicate. 1-tailed t tests were used to analyze the difference in
bridging populations (**, P < 0.05). (B) SEC-MALLS analysis of purified LptB,FG (B2FG) and LptB,F*?'?°G (B2FGm) in the presence of the monomeric version
of LptA (A refers to LptAm, deleted of residues from 160 to 181) did not allow copurification of LptA with any of the complexes, suggesting that the
interaction of LptB,FG with LptA is much weaker than with LptC. Dotted line indicates the elution volume corresponding to 134 kDa; n.s., not significant.

form long-lived bridges in vitro (Fig. 4A). Samples with proteoliposomes containing
LptB,FR2126GC were not significantly different from the wild-type LptB,FGC complex
confirming that the LptF??126 mutant does not change the ability of LptC to complex
with LptA and mediate bridge formation. Additionally, there was no significant differ-
ence between liposomes containing either LptB,FR?'26G or LptB,FG in the ability to
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form bridges which suggests that the affinity of LptFR?'2 for LptA is not increased
compared to the wild type.

Accordingly, SEC-MALLS analysis of purified LptB,FG and LptB,F??2'2¢G complexes in
the presence of the monomeric version of LptA (LptAm, deleted of residues from 160
to 181) (26) did not allow copurification of LptA with any of the complexes (Fig. 4B),
consistent with the observation that the interaction of LptF with LptA is much weaker
than with LptC, even in the presence of the LptFR?'2¢ variant. We thus designed an
interaction assay by surface plasmon resonance (SPR). LptB,FG and LptB,F*?'26G were
covalently immobilized and increasing concentrations of monomeric LptA were flowed
over the surface (Fig. S4). A concentration-dependent response was observed, consist-
ent with an interaction with both LptB,FG and LptB,FR?'2¢G. SPR profiles could be fit-
ted at equilibrium and the estimated K, values of LptAm are 74 and 81 uM for LptB,FG
and LptB,FR2125G, respectively. These values are consistent with the inability to copurify
LptA with LptB,FG or LptB,F*?126G by SEC-MALLS. These data suggest that the suppres-
sor mutations restore LPS transfer nearly to wild-type level without significantly
increasing the affinity of mutant LptF for LptA.

DISCUSSION

LPS is the major constituent on the surface of the outer membrane, and its pres-
ence creates an impermeable barrier that protects bacteria from environmental toxins
(3). LPS is synthesized in the cytoplasm and at the IM and therefore must be trans-
ported to the cell surface (1). This transport process involves seven essential lipopoly-
saccharide transport proteins (LptB,FGCADE) that form a transenvelope protein bridge
(6). Several years ago, a single point mutation in LptF, a component of the inner mem-
brane ATP-binding cassette (LptB,FG), was found to bypass the essentiality of LptC
(29). This raises the question of why all LPS-containing bacteria have retained LptC
(28). LptC is an additional inner membrane component that complexes with LptB,FG
(15-17, 30). The main known functions of LptC are (i) to coordinate the ATPase activity
of the IM complex with the extraction of LPS and its release to the periplasmic LptA (7,
27) and (ii) to mediate a stable formation of a bridge by connecting LptF to LptA (11,
16, 26). In this study, we examined which of the properties of the wild-type Lpt seven-
protein complex the LptB,FR?'2/SGADE complex replicates both in vivo and in vitro. We
have found that the regulation of ATPase activity in LptB,FR?126/SG complexes lacking
LptC is similar to the wild-type regulation. The LptF?2'2%S mutants transport LPS to
LptA and to the cell surface comparably to complexes containing LptC; however, the
surprising result is that the LptFR2126 mutant has an unstable connection to LptA like
wild-type LptF does in the absence of LptC.

We used several techniques to examine the ability of the mutant complex to form
and maintain bridges connected directly through an interaction between LptF and
LptA. In vivo we detected six-protein bridges through both photo-cross-linking and
pulldown experiments, suggesting LptA can directly interact with LptFR?12¢ mutant.
The viability of IptF°ur¢ strains depends on the overexpression of LptA (29), and we
speculate that high levels of periplasmic LptA can compensate for a low-affinity inter-
action between LptF>“P¢ and LptA. However, our in vitro flow cytometry and SEC-
MALLS experiments suggest that the stability of the interaction between LptF?2'2¢ and
LptA is the same as the interaction between wild-type LptF and LptA. This raises the
question of if bridge stability is necessary for sufficient LPS transport to form a proper
OM barrier. There are differences between the physiological and in vitro systems that-
could account for the differences in LptF?2'2%/S mutants’ interactions with LptA. In the
cell, LptA is usually bound to LptD (reference 6 and P. Sperandeo, unpublished data)
and therefore may be better oriented to facilitate interaction with LptFR226, relative to
the greater number of orientations of LptD, LptA and LptFR2'2¢ available in vitro.

On the other hand, a possible explanation for these apparently contrasting observa-
tions could be that in vivo LptFR2'25> mutants more readily associate with LptA than in
vitro, possibly due to the active LPS flow. Indeed, although the interaction between
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LptFR2126/S mutants and LptA is less stable in the absence of LptC, LPS release to LptA
and to the cell surface is comparable to wild type (Fig. 3), in line with previous data
(29). Therefore, the R212 mutations must facilitate LPS release to LptA without increas-
ing the stability of the in vitro interaction between LptF and LptA. R212 lies proximal to
a binding site of LPS that exists in wild-type complexes at the interface of the LptF and
LptC B-jellyrolls (R223 and Y230 in LptF; T42 and T47 in LptC) (13, 16). LPS must reach
this site to be released to LptA (16). Our model is that the interaction of LptF and LptC
forms an intermediate binding site, which lowers the energetic barrier for LPS to be
released from LptF. The LptFR?'2 mutants may restore the rate of LPS release to LptA
by replacing a positively charged amino acid with small uncharged residues and there-
fore, similarly lowering the energetic barrier. The movement of LPS to this site between
LptFR2'2 and LptA could allow LPS to stabilize the Lpt bridge during active LPS trans-
port in vivo (32).

Our model predicts that LptF may have an important regulatory function to prop-
erly coordinate ATPase activity with LPS transport. LptC has been reported before to
have a similar function, therefore this suggests that the wild-type system uses both
LptC and LptF to best coordinate efficient LPS transport.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli bacterial strains used in this study are listed in
Table S1 in the supplemental material. Unless otherwise stated, bacteria were grown aerobically at 37°C
in Luria-Bertani (LB) broth (33) and, when required, 100 wg/mL ampicillin, 30 ng/mL chloramphenicol,
25 wpg/mL kanamycin, and 50 ug/mL spectinomycin were added. Solid media were prepared as
described above with 1% (wt/vol) agar.

Plasmid construction. All plasmids are listed in Table S2. To construct any plasmid, the desired
gene or DNA fragment was amplified by PCR from the DNA template using primers listed in Table S3.
The amplified fragment was digested with appropriate restriction enzymes (New England Biolabs, NEB)
and inserted into the same sites of a carrying vector. Amber mutant variants were generated by site-
directed mutagenesis using QuikChange Il site-directed mutagenesis kit (Agilent Technologies) or Q5
site-directed mutagenesis kit (NEB). All cloned DNA regions obtained by PCR were sequenced to rule
out the presence of mutations.

Affinity purification of membrane Lpt complexes for transenvelope bridge assessment.
Membrane Lpt complexes were affinity purified from strains expressing His-tagged LptB from pET23/42-
LptB-His plasmid or His-tagged LptC from pET23/42-LptC-His plasmid as described in Chng et al. (6). As
a negative control, a strain containing pET23/42 was used.

In vivo UV-photo-cross-linking. (i) In vivo UV-photo-cross-linking to detect LptF-LptA interac-
tion. Amber codons were introduced in pET23/42-LptF-His or pET23/42-LptFR2'2-His plasmids express-
ing C-terminal His-tagged LptF or LptFR2'25, respectively, and pSup-BpaRS-6TRN was used to introduce
PpBPA at the specified positions. The assay was performed as described in Reference 16, with minor mod-
ifications. Overnight cultures were diluted 1:100 into 200 mL of LB medium supplemented with 0.7 mM
pBPA (Bachem) and suitable antibiotics and grown to mid-log phase at 30°C. Each culture was split in
half, and each sample was pelleted, resuspended in 4 mL of ice-cold PBS, and either used directly or irra-
diated with UV light at 365 nm for 10 min on ice. All cells were collected and resuspended in 4 mL of
ice-cold buffer A (20 mM Tris [pH 7.4], 300 mM NaCl, 5 mM MgCl,, and 15 mM imidazole) containing 1%
ZW3-14 (n-tetradecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate) (Sigma), 100 wg/mL lysozyme,
1 mM phenylmethanesulfonyl fluoride (PMSF; Sigma), and 50 wg/mL DNase | (Sigma) and lysed by a sin-
gle cycle through a Cell Disrupter (One Shot Model by Constant Systems Ltd.) at a pressure of 22,000 Ib/
in? and centrifuged at 4,000 x g, 10 min, to remove unbroken cells. Then, nickel affinity purification was
performed. A Ni-NTA resin suspension of 0.5 mL (Qiagen) was preequilibrated with 5 mL of buffer A. The
mixture was loaded onto the column and allowed to drain by gravity. The column was washed with
1 mL of buffer A and 25 mL of buffer B (20 mM Tris [pH 7.4], 300 mM NaCl, 20 mM imidazole, and 0.1%
ZW3-14) and eluted two times with 0.75 mL of buffer C (20 mM Tris [pH 7.4], 300 mM NaCl, 200 mM im-
idazole, and 0.1% ZW3-14). The eluate was then TCA precipitated (10% wt/vol trichloroacetic acid final)
and resuspended in 80 uL of SDS gel-loading buffer for SDS-PAGE and immunoblotting.

(i) In vivo UV-photo-cross-linking to detect LptA-LPS interaction. To assess the effect of the
R212 mutations on LPS transport, in vivo photo-cross-linking experiments were performed as previously
described, with minor modifications (13). BL21(DE3) E. coli strains were transformed with pSup-BpaRS-
6TRN (34), pET22b-LptA-I36pBPA, and either pCDFDuet-His,-LptB,FG, pCDFDuet-His,-LptB,F*?'%5G, or
pCDFDuet-His,-LptB,F*?'25G. Where indicated, pET22/42-LptC was also transformed. Fifty-milliliter cul-
tures of these strains were grown at 37°C in LB containing 50 ug/mL spectinomycin, 50 ug/mL carbeni-
cillin, 30 wg/mL chloramphenicol, 50 ug/mL kanamycin, and 0.7 mM pBPA (Bachem). When the cultures
reached an optical density at 600 nm (ODy,,) of ~0.8, expression was induced by the addition of 20 uM
IPTG and 0.02% L-arabinose (Sigma). At the indicated time points after inductions, cell counts were
measured, and cultures were divided into UV— and UV+ samples; the former was set aside and the lat-
ter was exposed to UV light (A = 365 nm) at room temperature for 10 min.
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Samples were purified using Ni-NTA affinity resin to enrich for Western blot detection. Cells were pel-
leted by centrifugation (5,000 x g, 10 min, 4°C), resuspended in 4 mL buffer A (20 mM Tris [pH 8.0],
300 mM Nacl, 15 mM imidazole, 5 mM MgCl2, 1% wt/vol Anzergent 3-14 [Anatrace], and 1T mM PMSF)
containing 100 ug/mL lysozyme and 50 ng/mL DNase | and then disrupted by three freeze-thaw cycles
alternating between liquid nitrogen and an ice water bath. After the third freeze-thaw cycle, insoluble
cell debris was removed by centrifugation for 10 min at 5,000 x g. Solubilized supernatants were then
applied to Ni-NTA resin (300 L resin per sample) preequilibrated with buffer A. After flowthrough, the
resin was washed three times with 2 mL of wash buffer containing 20 mM Tris (pH 8.0), 300 mM Nacl,
0.05% wt/vol Anzergent 3-14, and 20 mM imidazole. Complexes were eluted three times with 500-uL
wash buffer containing 200 mM imidazole. To concentrate the samples, proteins were precipitated from
the eluate by the addition of 10% wt/vol trichloroacetic acid, incubated on ice for 30 min, and pelleted
at 21,500 x g for 30 min at 4°C. After removal of the supernatant, the pellets were resuspended in 1 mL
of cold acetone and then pelleted again at 21,500 x g for 30 min at 4°C. Finally, the acetone was aspi-
rated off, and the protein pellet was resuspended in approximately 80 uL of SDS gel-loading buffer to
allow analysis by Western blotting. The exact amount of resuspension volume was used to normalize
samples to the measured cell count before UV exposure.

Preparation of lipid and LPS stock solutions. To prepare the lipid stock solution, E. coli polar lipid
extract (Avanti Polar Lipids, Inc.) was dissolved in water and sonicated for 30 min to make a 30-mg/mL
aqueous suspension stock. The lipid stock solution was flash frozen in liquid nitrogen and stored at
—80°C. To prepare a 2 mg/mL aqueous suspension stock of lipopolysaccharide, LPS from E. coli EH100
(Ra mutant; Sigma) was dissolved in water and sonicated for 30 min. The lipopolysaccharide stock solu-
tion was flash frozen in liquid nitrogen and stored in aliquots at —80°C.

To prepare the fluorescent lipid stock solutions for flow cytometry, E. coli polar lipid extract (Avanti
Polar Lipids, Inc.) was dissolved in chloroform with 1% (molar ratio) ATTO-488 DPPE, ATTO-565 DPPE, or
ATTO-647N DPPE (ATTO-TEC GmbH). Lipid mixtures were then dried into a film, hydrated, and lyophi-
lized overnight. The lipid mixtures were then dissolved in water and sonicated for 30 min to make a 30-
mg/mL aqueous suspension stock. The lipid stock solution was flash frozen in liquid nitrogen, and stored
at —80°C.

Preparation of proteoliposomes and ATPase assay. (i) Overexpression and purification of
LptB,FG and LptB,FGC variants for ATPase assay. To overexpress His,-LptB,FG, His,-LptB,FGC, His,-
LptB,FR?'25G, Hiss-LptB,FR?'2°GC, Hiss-LptB,FR*'2°G, and Hiss-LptB,FR?'2°GC, C43(DE3), cells were trans-
formed with the relevant variant of pCDFDuet-His,-LptB,FG. When LptC was co-overexpressed with
LptB,FG, this strain was also transformed with pET22/42-LptC. Overexpression and purification of each
inner membrane complex variant were done as previously reported (21). Cultures were grown at 37°C af-
ter diluting overnight cultures 1 to 100 into fresh LB broth supplemented with 50 ug/mL spectinomycin
(Sigma), 50 wg/mL carbenicillin (Teknova), 30 wg/mL chloramphenicol (Sigma), and 0.5 mM pBPA
(Bachem), as appropriate for each inner membrane complex variant. Expression was induced with
300 uM IPTG (Sigma) when the optical density at 600 nm (OD,,,) was ~1, and cultures were grown for
16 h at 18°C. Cells were harvested by centrifugation at 4,200 x g for 20 min and resuspended in 50 mM
Tris-HCl (pH 7.4), 300 mM NacCl, 2 mM MgCl,, supplemented with 1 mM PMSF (Sigma), 100 wg/mL lyso-
zyme (Sigma), and 100 wg/mL DNase | (Sigma). The resuspended cells were passed through an
EmulsiFlex-C3 high-pressure cell disruptor three times. The cell lysate was centrifuged at 10,000 x g for
10 min to remove unbroken cells. Membranes were isolated by centrifugation at 100,000 x g for 1 h.
Membranes were resuspended and solubilized in 20 mM Tris-HCI (pH 7.4), 300 mM NaCl, 5 mM MgCl,,
10% (vol/vol) glycerol, 1% DDM (Anatrace), and 2 mM ATP at 4°C for 1 h, followed by centrifugation at
100,000 x g for 30 min. The supernatant was applied to Ni-NTA Superflow resin (Qiagen) and eluted
with 20 mM Tris-HCI (pH 7.4), 300 mM NacCl, 10% (vol/vol) glycerol, 0.05% DDM, and 200 mM imidazole.
The eluate was concentrated with an Amicon centrifugation filter, 100-kDa molecular weight cutoff
(MWCO; Amicon Ultra; Millipore), and then subjected to size exclusion chromatography on a Superdex
200 10/300 GL column (GE Healthcare) in 20 mM Tris-HCl (pH 7.4), 300 mM Nacl, 5% (vol/vol) glycerol,
and 0.05% DDM. Fractions were pooled and concentrated to ~5 mg/mL. All complexes were analyzed
by SDS-PAGE to assess purity. Protein was flash frozen in liquid nitrogen and stored at —80°C until use.

(ii) Preparation of proteoliposomes containing E. coli LptB,FG and LptB,FGC variants. Aliquots
of lipid stocks and LPS were thawed and sonicated briefly to homogenize. Proteoliposomes contain-
ing His,-LptB,FG, His,-LptB,FGC, His,-LptB,F*?'2°G, His,-LptB,FR2'2°GC, His,-LptB,F*?'2°G, or His,-
LptB,FR2'2°GC were prepared with and without the addition of LPS by a detergent dilution method
(35, 36). Before dilution, a mixture with the following final concentrations was prepared in 20 mM
Tris-HCI (pH 8.0), 150 mM NaCl buffer: 7.5 mg/mL lipid stock, 0.5 mg/mL LPS, 0.25% DDM, and
0.86 uM purified inner membrane complex. While making this mixture, the DDM was first added to
the lipid stock solution to make detergent-destabilized liposomes. Lipopolysaccharide was added
to this mixture, which was subsequently kept on ice for 10 min to allow for mixed detergent-phos-
pholipid-LPS micelles to form. The protein complex was added, and the mixture was left on ice for
20 min. The mixture was then transferred to an ultracentrifuge tube and diluted 100x with cold
20 mM Tris-HCI (pH 8.0) and 150 mM NaCl. After letting the diluted mixture sit on ice for 30 min, the
proteoliposomes were pelleted by ultracentrifugation at 300,000 x g for 2 h at 4°C. The proteolipo-
somes were resuspended in 20 mM Tris-HCI (pH 8.0) and 150 mM NaCl and diluted 100x again, then
pelleted by ultracentrifugation at 300,000 x g for 2 h at 4°C. Finally, for every 100 uL of original mix-
ture (before the first dilution step), 250 ulL of cold 20 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 10%
glycerol was added. If the resuspended proteoliposomes were not used immediately, they were
flash frozen in liquid nitrogen and stored at —80°C. For the preparation of empty proteoliposomes,
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the purified proteins were substituted with an equal volume of 20 mM Tris-HCI (pH 8.0), 150 mM
NaCl, and 10% glycerol.

(iii) ATPase assays. ATPase activity was assayed using a modified molybdate method, as previously
reported (16). All assays were done in 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 10% glycerol (final
concentrations). Reactions contained 60% proteoliposomes by volume (prepared as described above,
thawed on ice). The remaining volume was composed of Tris-HCl, NaCl, and glycerol, to achieve the final
concentrations listed above. Reactions were initiated at 30°C with the addition of ATP-MgCl, (5 mM ATP
and 2 mM MgCl,). Aliquots were taken at 0, 20, 40, and 60 min and were quenched with an equal vol-
ume of 12% SDS (Sigma). Inorganic phosphate was measured using the reported method (37).
Absorbance values were measured using a Spectramax Plus 384 plate reader (Molecular Devices). The
experiment was repeated three times for each condition. For analysis, linear lines of best fit were calcu-
lated for each replicate data set. Plotted data represent the mean value of the slopes and the error bars
indicate the standard deviation.

Overexpression and purification of LptA-136pBPA. LptA-136pBPA-His, was overexpressed in the
periplasm and purified by making spheroplasts, as previously reported (13). BL21(ADE3) cells with pSup-
BpaRS-6TRN and pET22b-LptA-136pBPA-His, were grown to an ODg,, of ~0.5 in 500 mL LB broth with
50 pg/mL carbenicillin, 30 wg/mL chloramphenicol, and 0.8 mM pBPA (Bachem). Protein expression was
induced with 50 uM IPTG (Sigma) for 2 h at 37°C. The cells were harvested and converted to sphero-
plasts. The periplasmic fraction was incubated with Ni-NTA Superflow resin (Qiagen); washed with
20 mM Tris-HCI (pH 8.0), 300 mM NaCl, and 20 mM imidazole; and eluted with 20 mM Tris-HCI (pH 8.0)
and 150 mM NaCl, and 200 mM imidazole. The purified LptA-136pBPA-His, was concentrated with 10-
kDa cutoff Amicon centrifugal concentrators (Millipore) to ~2.5 mg/mL, flash frozen with liquid nitrogen,
and kept at —80°C in 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 200 mM imidazole containing 10%
glycerol.

LPS-release assay. All assays were done in 50 mM Tris-HCI (pH 8.0), 500 mM NacCl, and 10% glycerol
(final concentrations). Reactions contained 60% proteoliposomes by volume (prepared as described
above, thawed on ice). Proteoliposomes containing LptB,FG and LptB,FGC variants were incubated with
10x molar excess LptA-I136pBPA at 30°C for 10 min before starting the reaction. The remaining volume
was composed of Tris-HCl, NaCl, and glycerol to achieve the final concentrations listed above. Reactions
were initiated at 30°C with the addition of ATP-MgCl, (5 mM ATP and 2 mM MgCl,). After 30 min, reac-
tions were divided into UV— and UV+ samples; the former set was aside on ice and the latter was
exposed to UV light (A = 365 nm) on ice for 10 min. After this, samples were quenched in an equivalent
volume of 12% wt/vol SDS gel-loading buffer to allow analysis by Western blotting.

SDS-PAGE and immunoblotting. Homemade 10%, 12.5%, and 15% polyacrylamide gels or 4 to
20% polyacrylamide gradient gels and Tris-glycine running buffer were used for SDS-PAGE/immunoblot-
ting experiments (38). To analyze purified protein complexes or contents of proteoliposomes, home-
made Tris-HCI 14% polyacrylamide gels and Tris-glycine running buffer were used followed by staining
with Coomassie brilliant blue (Alfa Aesar). For immunoblotting, proteins were transferred onto Immun-
Blot PVDF membranes (Bio-Rad), nitrocellulose, or PVDF membranes (Hybond ECL; GE Healthcare).
Mouse monoclonal antiserum against the LPS core was purchased from Hycult Biotechnology. Mouse
monoclonal anti-His (Sigma-Aldrich) was used at 1:3,000 dilution. Polyclonal sera against LptA (39), LptC
and LptD [reference 40 or kindly provided by Shin-ichi Matsuyama (Rikkyo University, Tokyo, Japan)],
and LptF (19) (GenScript) were used at dilutions of 1:1,000, 1:3,000, 1:5,000, and 1:10,000, respectively.
Additional polyclonal sera against LptA were used in the in vitro experiments in Fig. 3 (6). Polyclonal se-
rum anti-LptB (40) (kindly provided by N. Ruiz) was used at a dilution of 1:10,000. As secondary antibod-
ies, anti-rabbit and anti-mouse immunoglobulins (Li-Cor) were used at a dilution of 1:15,000, and bands
were detected using an Odissey Fc imaging system (Li-Cor). Alternatively, Lpt proteins were detected by
a donkey anti-rabbit horseradish peroxidase (HRP) conjugate secondary antibody (GE Amersham). LPS
cross-linking was detected using a sheep anti-mouse HRP conjugate secondary antibody (GE
Amersham). Bands were visualized using ECL Prime Western Blotting Detection Reagent (GE Amersham)
and imaged using an Azure c600 (Azure Biosystems).

LptF cross-linking was visualized using a goat anti-rabbit IgG HRP-conjugated secondary antibody
(Sigma-Aldrich). Filters were developed with the Cyanagen Westar nC Ultra 2.0 reagent and detected
using an Odissey Fc imaging system (Li-Cor).

Methods for flow cytometry analysis. (i) Purification of NusA-His,-LptA and preparation of
LptA for flow cytometry. Overexpression and purification of Nus-His,-LptA for flow cytometry was
done as previously reported (7). In brief, BI21(ADE3) transformed with pET43.1 Nus-His-LptA were grown
at 37°C after diluting overnight cultures 1 to 100 into fresh LB broth supplemented with 50 wg/mL car-
benicillin (Teknova). Expression was induced with 50 uM IPTG (Teknova) when the ODy,, reached ~0.5
and cultures were grown for 16 h at 16°C. Cells were harvested by centrifugation at 4,200 x g for 10 min
and resuspended in 20 mM Tris-HCI (pH 8.0), 150 mM NacCl, and 10% (vol/vol) glycerol supplemented
with a cOmplete protease tablet (Roche), 100 ng/mL lysozyme (Sigma), and 100 ng/mL DNase | (Sigma).
The resuspended cells were passed through an EmulsiFlex-C3 high-pressure cell disruptor two times.
The cell lysate was centrifuged at 10,000 x g for 10 min to remove unbroken cells. Soluble lysate was
isolated from membranes by centrifugation at 100,000 x g for 30 min. The supernatant was applied to
Ni-NTA Superflow resin (Qiagen) and eluted with 20 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10% (vol/vol)
glycerol, and 200 mM imidazole. The eluate was concentrated with an Amicon centrifugation filter, 50-
kDa MWCO (Amicon Ultra; Millipore). Samples were analyzed by SDS-PAGE to assess purity. Protein was
flash frozen in liquid nitrogen and stored at —80°C until use. Thrombin cleavage of NusA-His,-LptA:
NusA-His,-LptA was cleaved with Technical Grade Bovine Thrombin (Biovision) (resuspended in water at
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0.9% (vol/vol) NaCl, 0.1% bovine serum albumin (BSA) for 16 h at room temperature (~22°C). NusA-His-
LptA was either cleaved immediately after purification, or an aliquot was thawed on ice and cleaved.
Cleavage was confirmed by SDS-PAGE analysis. For the cleavage reaction, 0.00396 U enzyme was used
per g NusA-His,-LptA. The cleavage mixture was used immediately.

(i) Purification of LptD/LptE-His,. Overexpression and purification of LptD/LptE-His, were carried
out in a similar manner to the previously reported purification (7). An overnight culture containing C43
(DE3) cells transformed with pCOLADuet LptE-His./LptD was diluted 1:100 into 6 1.5 L flasks containing
LB supplemented with 0.2% glucose and 30 ug/mL kanamycin. Cultures were grown at 37°C until an
ODyq, of ~0.6 to 0.8 and induced with 500 uM IPTG (Teknova) for 3 h at 37°C. Cells were harvested at
4,200 x g for 10 min and resuspended in 20 mM Tris-HCl (pH 8.0), 150 mM NaCl supplemented with a
cOmplete protease tablet (Roche), 100 ng/mL lysozyme (Sigma), and 100 wg/mL DNase | (Sigma). The
resuspended cells were passed through an EmulsiFlex-C3 high-pressure cell disruptor three times and
centrifuged at 10,000 x g for 20 min to remove unbroken cells. The supernatant was centrifuged at
100,000 x g for 30 min to isolate membranes. The membranes were solubilized in 20 mM Tris HCI (pH
8.0), 150 mM Nacl, 0.5% N-lauroylsarcosine sodium salt (Sigma) supplemented with a cOmplete protease
tablet (Roche) at 4°C for 2 h and then centrifuged for 30 min at 100,000 x g. The resulting membrane
pellet was resuspended in 20 mM Tris-HCl (pH 8.0) and 150 mM NaCl and centrifuged for 30 min at
100,000 x g to remove the remaining N-lauroylsarcosine sodium salt. The washed pellet was solubilized
in 20 mM Tris-HCI (pH 8.0), 300 mM NaCl, 20 mM imidazole, and 1.0% Anzergent 3-14 (Anatrace) at 4°C
for 2 h and then centrifuged at 100,000 x g for 1 h. The supernatant was applied to Ni-NTA Superflow
(Qiagen), and the flowthrough was collected and reapplied to the column. The column was washed with
20 column volumes of 20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 20 mM imidazole, and 1.0% Anzergent 3-
14 (Anatrace) followed by 20 column volumes of 20 mM Tris-HCI (pH 8.0), 300 mM NaCl, 20 mM imidaz-
ole, and 1.0% n-octylglucoside (OG; Anatrace). The column was eluted with 6 column volumes of 20 mM
Tris-HCI (pH 8.0), 300 mM NaCl, 200 mM imidazole, and 1.0% OG (Anatrace). The eluate was concen-
trated with an Amicon centrifugation filter, 100-kDa MWCO (Amicon Ultra; Millipore). The concentrated
protein was centrifuged at 15,000 x g for 10 min to remove aggregate protein and then injected onto a
Superdex 200 Increase 10/300 GL column (GE Healthcare) for size exclusion chromatography in 20 mM
Tris-HCI (pH 8.0), 150 mM NaCl, and 1.0% OG. Fractions were pooled and concentrated on another
Amicon centrifugation filter, 100-kDa MWCO, until reaching a concentration of ~10 mg/mL. Purified
complexes were analyzed by SDS-PAGE to ensure purity. Samples were flash frozen in liquid nitrogen
and stored at —80°C until use.

(iii) Preparation of proteoliposomes containing E. coli LptB,FG and LptB,FGC variants for flow
cytometry. Aliquots of fluorescent lipid stocks and LPS were thawed and sonicated briefly to homoge-
nize. Proteoliposomes containing Hiss-LptB,FG, His,-LptB,FGC, His,-LptB,F*2'25G, His,-LptB,F*?'*5GC,
Hisy-LptB,FR2125G, or His,-LptB,F*?'2GC, were prepared by a detergent dilution method (35, 36). Before
dilution, a mixture with the following final concentrations was prepared in 20 mM Tris pH 8.0, 150 mM
NaCl buffer: 3.25 mg/mL ATTO-565 lipid stock, 3.25 mg/mL ATTO-647N lipid stock, 2 mg/mL Ra-LPS,
0.05% DDM, and 0.86 uM purified inner membrane complex. While making this mixture, the DDM was
first added to the lipid stock solution to make detergent-destabilized liposomes. Lipopolysaccharide was
added to this mixture, which was subsequently sonicated in a chilled water bath for 1 min and then
kept on ice for 10 min to allow for mixed detergent-phospholipid-LPS micelles to form. The protein com-
plex was added, and the mixture was left on ice for 20 min. The mixture was then transferred to an ultra-
centrifuge tube and diluted 100x with cold 20 mM Tris-HCl (pH 8.0) and 150 mM NaCl. After letting the
diluted mixture sit on ice for 30 min, the proteoliposomes were pelleted by ultracentrifugation at
300,000 x g for 2 h at 4°C. For every 100 wL original mixture (before the dilution step), 250 uL of cold
20 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 10% glycerol were added. If the resuspended proteolipo-
somes were not used immediately, they were flash frozen in liquid nitrogen and stored at —80°C.

(iv) Preparation of proteoliposomes containing E. coli LptDE for flow cytometry. Proteoliposomes
containing LptDE-His, were prepared by a detergent dilution method (35, 36). Before dilution, a mixture with
the following final concentrations was prepared in 20 mM Tris pH 8.0, and150 mM Nacl buffer: 4.5 mg/mL
ATTO-488 lipid stock, 4.5 mg/mL ATTO-647N lipid stock, 1.5% OG, and 1.5 uM purified inner membrane
complex. While making this mixture, the OG was first added to the lipid stock solution and subsequently
sonicated in a chilled water bath for 1 min before being kept on ice for 10 min to allow for mixed-detergent-
phospholipid micelles to form. The protein complex was added, and the mixture was left on ice for 20 min.
The mixture was then transferred to an ultracentrifuge tube and diluted 100x with cold 20 mM Tris-HCl (pH
8.0) and 150 mM Nadl. After letting the diluted mixture sit on ice for 30 min, the proteoliposomes were pel-
leted by ultracentrifugation at 300,000 x g for 2 h at 4°C. For every 100 wL original mixture (before the dilu-
tion step), 200 wL of cold 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 10% glycerol was added. If the resus-
pended proteoliposomes were not used immediately, they were flash frozen in liquid nitrogen and stored at
—80°C. Before use in flow cytometry, fluorescent proteoliposomes containing LptDE were incubated with ei-
ther 10-fold molar excess LptA or NusA-His.-LptA for 30 min in 20 mM Tris-HCI (pH 8.0), 150 mM NaCl, and
10% glycerol. Proteoliposomes were then recovered by ultracentrifugation at 300,000 x g for 1 h at 4°C and
resuspended in their original volume in 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 10% glycerol.

Flow cytometry analysis of proteoliposomes containing E. coli LptB,FG and LptB,FGC variants.
Samples for flow cytometry were made before dilution as follows in 20 mM Tris-HCI (pH 8.0), 150 mM
NaCl, and 10% glycerol: 75 nM LptDE associated with the indicated variant of LptA in ATTO-488/ATTO-
647N proteoliposomes and 34 nM LptB,FGC (or indicated inner membrane variant). Mixtures were
allowed to equilibrate at room temperature for at least 2 min before being diluted 20-fold in 20 mM
Tris-HCI (pH 8.0), 150 mM NaCl, and 10% glycerol.
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Flow cytometric studies were performed on a BD FACSAria flow cytometer in a manner similar to a
previously reported method (7). All drops were excited on a 640-nm excitation laser source, bandpass fil-
ter 660/20 nm, and PMT set at 400V for ATTO-647N detection. Only drops above a fluorescence thresh-
old of 1,000 on this detection were recorded to remove nonliposomal particles. The forward scatter
(FSC) and side scatter (SSC) thresholds were both set as 200. Samples were excited on a 488-nm excita-
tion laser source, band-pass filter 530/15 nm for ATTO-488 detection, and excited on a 561-nm excitation
laser source, band-pass filter 586/15 nm for ATTO-565 detection. Compensation was conducted in
FACSDivaTM software using ATTO-488 outer membrane proteoliposomes and ATTO-565 inner mem-
brane proteoliposomes as single stain controls. Compensation values were set to 0.2% of the 488-nm
laser in the 565-nm detection and 0.2% of the 565-nm laser in the 488-nm detection. 10,000 particle
counts were recorded for each replicate. Three technical replicates of liposome preparations were ana-
lyzed for each variant of LptB,FG and LptB,FGC. Samples were gated as indicated in Fig. S5. In brief, sam-
ples were gated by FSC-A (10 to 3,000), 640 nm-excitation (APC-A) (1,000 to 80,000), SSC-A (200 to
8,000), and SSC-W (50 to 100). Liposomes registering a 561-nm excitation/emission value above 100 and
a 488-nm excitation/emission value above 1,000 were gated as bridged liposomes. One-tailed t tests
were conducted to determine if samples were significantly worse at bridging than the LptB,FGC control.
Representative plots for the publication were generated in FCSExpress software and statistical analysis
and graphing were done in R.

SEC-MALLS analysis. (i) Purification of LptB,FG and LptB,F*?'2G complexes. To overexpress
and purify the wild-type and mutant IM Lpt complexes, E coli KRX cells were transformed with
pCDFDuet vector expressing N-terminal His-tagged LptB, LptF, and LptG (pCDFDuet-His,-LptBFG) or N-
terminal His-tagged LptB, LptFR?'2¢ and LptG (pCDFDuet-His,-LptBFf?'25G). Cultures were grown in 1 L
of LB medium to an ODy,, of 0.8 at 37°C. Expression was induced with 0.02% L-rhamnose and 0.02%
arabinose for 3 h at 37°C. Cells were harvested by centrifugation at 4°C at 5,000 x g for 20 min and
stored at —80°C. The cell pellets were resuspended in Lysis buffer (50 mM Tris HCI [pH 7.4], 300 mM
NaCl, and 1 mM MgCl,) supplemented with 1 mM PMSF (Sigma), 100 wg/mL lysozyme, and 50 pwg/mL
DNase I. The cells were disrupted by a single passage through a cell disrupter (One Shot model;
Constant Systems Ltd.) at a pressure of 22,000 Ib/in% Unbroken cells were removed by centrifugation at
4,500 x g for 15 min and membranes were isolated by ultracentrifugation at 100,000 x g for 1 h.
Membranes were resuspended and solubilized in 20 mL of Resuspension buffer [20 mM Tris-HCl (pH
7.4), 300 mM NacCl, 5 mM MgCl,, 10% (vol/vol) glycerol, 1% (wt/vol) DDM (Sigma), and 2 mM ATP] at 4°C
for 1 h, followed by centrifugation at 100,000 x g for 30 min. The supernatant was supplied with 2 mM
imidazole and rocked for 1 h with 1 mL of TALON metal affinity resin (Clontech), preequilibrated with
Affinity buffer [20 mM Tris-HCI (pH 7.4), 300 mM NaCl, 5 mM MgCl,, 10% (vol/vol) glycerol, and 0.05%
(wt/vol) DDM]. The column was washed with 20 column volumes (cv) of Affinity buffer plus 2 mM imid-
azole and 10 cv of Affinity buffer plus 10 mM imidazole. Proteins were eluted with 8 cv of affinity buffer
plus 100 mM imidazole and the eluate was concentrated up to 2 mL with an Amicon centrifugation fil-
ter, 10-kDa MWCO (Amicon Ultra; Millipore). The buffer was changed to Exchange buffer (20 mM Tris-
HCI [pH 7.4], 300 mM NaCl, and 0.05% [wt/vol] DDM) and the sample was concentrated up to 0.4 mL as
above. The protein concentration was determined by Bradford assay (Thermo Fisher) using BSA as a
standard and samples were loaded on SDS-PAGE and Coomassie stained. For the purification of the
LptB,FG complex, an additional step of size exclusion chromatography was performed before determin-
ing protein concentration. The LptB,FG concentrated eluate was applied to a HiLoad 16/600 Superdex
200 gel filtration column preequilibrated with 20 mM Tris-HCl pH 7.4, 300 mM NaCl, and 0.05% (wt/vol)
DDM. Peak fractions were combined and concentrated with an Amicon 100-kDa MWCO centrifugation
filter (Amicon Ultra; Millipore).

(ii) Purification of ATM LptC (LptCA1-23) and LptAm (LptAA160-181). E. coli LptC lacking the
first 23 residues of the transmembrane domain was expressed from a plasmid (LptC pQESH) with an N-
terminal His-Tag and purified as described by Baeta et al. (41).

LptAm coding for residues 1 to 159 followed by a SGRVEHHHHHH TAG in a pET21b-derived vector
was expressed and purified as described by Laguri et al. (26).

(i) SEC-MALLS. LptB,FG and LptB,F*?'25G purified in DDM were injected (40 uL volume at 8 uM)
alone or in the presence of 50 uM ATM LptC or LptAm in 20 mM Tris, 150 mM NacCl, and 0.05% DDM
buffer at 25°C on a Superdex S200 (10/300GL) connected to an HPLC-Multi Angle light scattering
(DynaPro Nanostar), refraction index (Optilab rex), and Optical density detectors (SPD-M20A). Data analy-
sis is performed with ASTRA 5.4.3.20 software (WYATT). Two-component analysis with the protein conju-
gate method was used for the determination of DDM micelle and protein complexes masses.

Other methods. In vivo site-specific UV-photo-cross-linking and whole-cell lysate analysis for LptF-
LptA interaction, ATPase activity in DDM micelles and SPR-based binding assays are described in detail
in Text S1 in the supplemental material.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
TEXT S1, PDF file, 0.1 MB.
FIG S1, PDF file, 0.2 MB.
FIG S2, PDF file, 0.4 MB.
FIG S3, PDF file, 0.5 MB.
FIG S4, PDF file, 0.2 MB.

Month YYYY Volume XX Issue XX

10.1128/mbio.02202-22

mBio

14

Downloaded from https://journals.asm.org/journal/mbio on 02 February 2023 by 159.149.170.59.


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02202-22

Control of LPS Transport in Gram-Negative Bacteria

FIG S5, PDF file, 0.5 MB.

TABLE S1, DOCX file, 0.01 MB.
TABLE S2, DOCX file, 0.02 MB.
TABLE S3, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS

We thank Natividad Ruiz for providing NR1113 strain.

mBio

This work used the platforms of the Grenoble Instruct-ERIC center (ISBG; UMS 3518
CNRS-CEA-UGA-EMBL) within the Grenoble Partnership for Structural Biology (PSB),
supported by FRISBI (ANR-10-INBS-05-02) and GRAL, financed within the University
Grenoble Alpes graduate school (Ecoles Universitaires de Recherche) CBH-EUR-GS (ANR-17-
EURE-0003). We thank Aline Le Roy and Christine Ebel for assistance with access to the
Protein Analysis On Line (PAOL) platform and the SPR/BLI platform personal Dr. Jean-
Baptiste REISER and Anne Chouquet for their help and assistance. The authors
acknowledge Isabel Ayala and Karine Giandoreggio-Barranco for great technical assistance.
P.S. was supported by the Excellence Departments grant from the Italian Ministry of
Education, University and Research (MIUR, Italy) (Art. 1, commi 314-337 Legge 232/
2016) and PRIN 2020 (grant protocol 20208LLXEJ). A.P,, J.P.S,, C.L,, EC.CM.M,, and T.B.
were supported by the Train2Target project granted from the European Union’s
Horizon 2020 research and innovation program under the Marie Sklodowska-Curie
(grant agreement number 721484). RJ.T. and S.J.R. were supported by NIH grants RO1
Al149778 and RO1 Al081059.
Contributions are as follows. F.AF.: Visualization, Validation, Methodology, Investigation,
Conceptualization, Data Curation; RJ.T.: Writing — Review & Editing, Writing — Original Draft,
Visualization, Validation, Methodology, Investigation, Conceptualization, Data Curation; S.R::
Writing — Review & Editing, Writing — Original Draft, Visualization, Validation, Methodology,
Investigation, Formal Analysis, Data Curation; E.CCM.M. Writing - Original Draft,
Methodology Visualization, Validation, Methodology, Investigation, Conceptualization, Data
Curation; T.B.: Writing — Original Draft, Methodology Visualization, Validation, Methodology,
Investigation, Conceptualization, Data Curation; C.L.: Writing — Original Draft, Methodology
Visualization, Validation, Methodology, Investigation, Conceptualization, Data Curation,
Funding Acquisition, Funding acquisition; J.-P.S.: Writing — Original Draft, Methodology
Visualization, Validation, Methodology, Investigation, Conceptualization, Data Curation,
Funding Acquisition; D.K.: Conceptualization, Funding Acquisition, Project Administration,
Resources, Supervision, Writing — Original Draft, Writing — Review & Editing; A.P.:
Conceptualization, Funding Acquisition, Project Administration, Resources, Supervision,
Writing — Original Draft, Writing — Review & Editing; P.S.: Conceptualization, Funding
Acquisition, Project Administration, Resources, Supervision, Writing — Original Draft, Writing
- Review & Editing.

REFERENCES

1.

Silhavy TJ, Kahne D, Walker S. 2010. The bacterial cell envelope. Cold Spring
Harb Perspect Biol 2:a000414. https://doi.org/10.1101/cshperspect.a000414.

. Osborn MJ, Gander JE, Parisi E, Carson J. 1972. Mechanism of assembly of

the outer membrane of Salmonella typhimurium. Isolation and characteri-
zation of cytoplasmic and outer membrane. J Biol Chem 247:3962-3972.
https://doi.org/10.1016/S0021-9258(19)45127-2.

. Nikaido H. 2003. Molecular basis of bacterial outer membrane permeabil-

ity revisited. Microbiol Mol Biol Rev 67:593-656. https://doi.org/10.1128/
MMBR.67.4.593-656.2003.

. Zhang G, Meredith TC, Kahne D. 2013. On the essentiality of lipopolysac-

charide to Gram-negative bacteria. Curr Opin Microbiol 16:779-785.
https://doi.org/10.1016/j.mib.2013.09.007.

. Raetz CR, Guan Z, Ingram BO, Six DA, Song F, Wang X, Zhao J. 2009. Dis-

covery of new biosynthetic pathways: the lipid A story. J Lipid Res 50,
Suppl: S103-5108. https://doi.org/10.1194/jlr. R800060-JLR200.

. Chng SS, Gronenberg LS, Kahne D. 2010. Proteins required for lipopoly-

saccharide assembly in Escherichia coli form a transenvelope complex.
Biochemistry 49:4565-4567. https://doi.org/10.1021/bi100493e.

Month YYYY Volume XX Issue XX

. Sherman DJ, Xie R, Taylor RJ, George AH, Okuda S, Foster PJ, Needleman

DJ, Kahne D. 2018. Lipopolysaccharide is transported to the cell surface
by a membrane-to-membrane protein bridge. Science 359:798-801.
https://doi.org/10.1126/science.aar1886.

. Sperandeo P, Lau FK, Carpentieri A, De Castro C, Molinaro A, Deho G, Silhavy

TJ, Polissi A. 2008. Functional analysis of the protein machinery required for
transport of lipopolysaccharide to the outer membrane of Escherichia coli. J
Bacteriol 190:4460-4469. https://doi.org/10.1128/JB.00270-08.

. Chng SS, Ruiz N, Chimalakonda G, Silhavy TJ, Kahne D. 2010. Characteriza-

tion of the two-protein complex in Escherichia coli responsible for lipo-
polysaccharide assembly at the outer membrane. Proc Natl Acad Sci U S A
107:5363-5368. https://doi.org/10.1073/pnas.0912872107.

. Ruiz N, Gronenberg LS, Kahne D, Silhavy TJ. 2008. Identification of two

inner-membrane proteins required for the transport of lipopolysaccha-
ride to the outer membrane of Escherichia coli. Proc Natl Acad Sci U S A
105:5537-5542. https://doi.org/10.1073/pnas.0801196105.

. Freinkman E, Okuda S, Ruiz N, Kahne D. 2012. Regulated assembly of the

transenvelope protein complex required for lipopolysaccharide export.
Biochemistry 51:4800-4806. https://doi.org/10.1021/bi300592c.

10.1128/mbio.02202-22 15

Downloaded from https://journals.asm.org/journal/mbio on 02 February 2023 by 159.149.170.59.


https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1016/S0021-9258(19)45127-2
https://doi.org/10.1128/MMBR.67.4.593-656.2003
https://doi.org/10.1128/MMBR.67.4.593-656.2003
https://doi.org/10.1016/j.mib.2013.09.007
https://doi.org/10.1194/jlr.R800060-JLR200
https://doi.org/10.1021/bi100493e
https://doi.org/10.1126/science.aar1886
https://doi.org/10.1128/JB.00270-08
https://doi.org/10.1073/pnas.0912872107
https://doi.org/10.1073/pnas.0801196105
https://doi.org/10.1021/bi300592c
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02202-22

Control of LPS Transport in Gram-Negative Bacteria

12.

20.

21.

22.

23.

24,

25.

26.

Sperandeo P, Cescutti R, Villa R, Di Benedetto C, Candia D, Deho G, Polissi
A. 2007. Characterization of IptA and IptB, two essential genes implicated
in lipopolysaccharide transport to the outer membrane of Escherichia
coli. J Bacteriol 189:244-253. https://doi.org/10.1128/JB.01126-06.

. Okuda S, Freinkman E, Kahne D. 2012. Cytoplasmic ATP hydrolysis powers

transport of lipopolysaccharide across the periplasm in E. coli. Science
338:1214-1217. https://doi.org/10.1126/science.1228984.

. Thomas C, Aller SG, Beis K, Carpenter EP, Chang G, Chen L, Dassa E, Dean M,

Duong Van Hoa F, Ekiert D, Ford R, Gaudet R, Gong X, Holland 1B, Huang Y,
Kahne DK, Kato H, Koronakis V, Koth CM, Lee Y, Lewinson O, Lill R, Martinoia
E, Murakami S, Pinkett HW, Poolman B, Rosenbaum D, Sarkadi B, Schmitt L,
Schneider E, Shi Y, Shyng SL, Slotboom DJ, Tajkhorshid E, Tieleman DP, Ueda
K, Varadi A, Wen PC, Yan N, Zhang P, Zheng H, Zimmer J, Tampe R. 2020.
Structural and functional diversity calls for a new classification of ABC trans-
porters. FEBS Lett 594:3767-3775. https://doi.org/10.1002/1873-3468.13935.

. Narita S, Tokuda H. 2009. Biochemical characterization of an ABC trans-

porter LptBFGC complex required for the outer membrane sorting of li-
popolysaccharides. FEBS Lett 583:2160-2164. https://doi.org/10.1016/j
febslet.2009.05.051.

. Owens TW, Taylor RJ, Pahil KS, Bertani BR, Ruiz N, Kruse AC, Kahne D.

2019. Structural basis of unidirectional export of lipopolysaccharide to
the cell surface. Nature 567:550-553. https://doi.org/10.1038/s41586-019
-1039-0.

. Li Y, Orlando BJ, Liao M. 2019. Structural basis of lipopolysaccharide

extraction by the LptB,FGC complex. Nature 567:486-490. https://doi
.0rg/10.1038/541586-019-1025-6.

. Suits MD, Sperandeo P, Deho G, Polissi A, Jia Z. 2008. Novel structure of

the conserved gram-negative lipopolysaccharide transport protein A and
mutagenesis analysis. J Mol Biol 380:476-488. https://doi.org/10.1016/j
jmb.2008.04.045.

. Villa R, Martorana AM, Okuda S, Gourlay LJ, Nardini M, Sperandeo P, Deho

G, Bolognesi M, Kahne D, Polissi A. 2013. The Escherichia coli Lpt transen-
velope protein complex for lipopolysaccharide export is assembled via
conserved structurally homologous domains. J Bacteriol 195:1100-1108.
https://doi.org/10.1128/JB.02057-12.

Tran AX, Dong C, Whitfield C. 2010. Structure and functional analysis of
LptC, a conserved membrane protein involved in the lipopolysaccharide
export pathway in Escherichia coli. J Biol Chem 285:33529-33539. https://
doi.org/10.1074/jbc.M110.144709.

Sherman DJ, Lazarus MB, Murphy L, Liu C, Walker S, Ruiz N, Kahne D.
2014. Decoupling catalytic activity from biological function of the ATPase
that powers lipopolysaccharide transport. Proc Natl Acad Sci US A 111:
4982-4987. https://doi.org/10.1073/pnas.1323516111.

Freinkman E, Chng SS, Kahne D. 2011. The complex that inserts lipopoly-
saccharide into the bacterial outer membrane forms a two-protein plug-
and-barrel. Proc Natl Acad Sci U S A 108:2486-2491. https://doi.org/10
.1073/pnas.1015617108.

Qiao S, Luo Q, Zhao Y, Zhang XC, Huang Y. 2014. Structural basis for lipo-
polysaccharide insertion in the bacterial outer membrane. Nature 511:
108-111. https://doi.org/10.1038/nature13484.

Botos I, Majdalani N, Mayclin SJ, McCarthy JG, Lundquist K, Wojtowicz D,
Barnard TJ, Gumbart JC, Buchanan SK. 2016. Structural and functional
characterization of the LPS transporter LptDE from gram-negative patho-
gens. Structure 24:965-976. https://doi.org/10.1016/j.5tr.2016.03.026.
Tran AX, Trent MS, Whitfield C. 2008. The LptA protein of Escherichia coli
is a periplasmic lipid A-binding protein involved in the lipopolysaccharide
export pathway. J Biol Chem 283:20342-20349. https://doi.org/10.1074/
jbc.M802503200.

Laguri C, Sperandeo P, Pounot K, Ayala I, Silipo A, Bougault CM, Molinaro
A, Polissi A, Simorre JP. 2017. Interaction of lipopolysaccharides at inter-
molecular sites of the periplasmic Lpt transport assembly. Sci Rep 7:9715.
https://doi.org/10.1038/541598-017-10136-0.

Month YYYY Volume XX Issue XX

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

mBio

Wilson A, Ruiz N. 2022. The transmembrane alpha-helix of LptC partici-
pates in LPS extraction by the LptB,FGC transporter. Mol Microbiol 118:
61-76. https://doi.org/10.1111/mmi.14952.

Putker F, Bos MP, Tommassen J. 2015. Transport of lipopolysaccharide to the
Gram-negative bacterial cell surface. FEMS Microbiol Rev 39:985-1002.
https://doi.org/10.1093/femsre/fuv026.

Benedet M, Falchi FA, Puccio S, Di Benedetto C, Peano C, Polissi A, Deho G.
2016. The Lack of the essential LptC protein in the trans-envelope lipopoly-
saccharide transport machine is circumvented by suppressor mutations in
LptF, an inner membrane component of the Escherichia coli transporter.
PLoS One 11:¢0161354. https://doi.org/10.1371/journal.pone.0161354.

Tang X, Chang S, Luo Q, Zhang Z, Qiao W, Xu C, Zhang C, Niu Y, Yang W,
Wang T, Zhang Z, Zhu X, Wei X, Dong C, Zhang X, Dong H. 2019. Cryo-EM
structures of lipopolysaccharide transporter LptB2FGC in lipopolysaccha-
ride or AMP-PNP-bound states reveal its transport mechanism. Nat Com-
mun 10:4175. https://doi.org/10.1038/s41467-019-11977-1.

Sperandeo P, Villa R, Martorana AM, Samalikova M, Grandori R, Deho G,
Polissi A. 2011. New insights into the Lpt machinery for lipopolysaccha-
ride transport to the cell surface: LptA-LptC interaction and LptA stability
as sensors of a properly assembled transenvelope complex. J Bacteriol
193:1042-1053. https://doi.org/10.1128/JB.01037-10.

Martorana AM, Moura E, Sperandeo P, Di Vincenzo F, Liang X, Toone E,
Zhou P, Polissi A. 2021. Degradation of components of the Lpt transenve-
lope machinery reveals LPS-dependent Lpt complex stability in Esche-
richia coli. Front Mol Biosci 8:758228. https://doi.org/10.3389/fmolb.2021
.758228.

Bertani G. 1951. Studies on lysogenesis. |. The mode of phage liberation
by lysogenic Escherichia coli. J Bacteriol 62:293-300. https://doi.org/10
.1128/jb.62.3.293-300.1951.

Ryu Y, Schultz PG. 2006. Efficient incorporation of unnatural amino acids
into proteins in Escherichia coli. Nat Methods 3:263-265. https://doi.org/
10.1038/nmeth864.

Brundage L, Hendrick JP, Schiebel E, Driessen AJ, Wickner W. 1990. The puri-
fied E. coli integral membrane protein SecY/E is sufficient for reconstitution
of SecA-dependent precursor protein translocation. Cell 62:649-657. https://
doi.org/10.1016/0092-8674(90)90111-q.

Yakushi T, Masuda K, Narita S, Matsuyama S, Tokuda H. 2000. A new ABC
transporter mediating the detachment of lipid-modified proteins from
membranes. Nat Cell Biol 2:212-218. https://doi.org/10.1038/35008635.
Chifflet S, Torriglia A, Chiesa R, Tolosa S. 1988. A method for the determi-
nation of inorganic phosphate in the presence of labile organic phos-
phate and high concentrations of protein: application to lens ATPases.
Anal Biochem 168:1-4. https://doi.org/10.1016/0003-2697(88)90002-4.
Laemmli UK, Beguin F, Gujer-Kellenberger G. 1970. A factor preventing
the major head protein of bacteriophage T4 from random aggregation. J
Mol Biol 47:69-85. https://doi.org/10.1016/0022-2836(70)90402-X.

Falchi FA, Maccagni EA, Puccio S, Peano C, De Castro C, Palmigiano A, Garozzo
D, Martorana AM, Polissi A, Deho G, Sperandeo P. 2018. Mutation and suppres-
sor analysis of the essential lipopolysaccharide transport protein LptA reveals
strategies to overcome severe outer membrane permeability defects in Esche-
richia coli. J Bacteriol 200. https://doi.org/10.1128/JB.00487-17.

Martorana AM, Benedet M, Maccagni EA, Sperandeo P, Villa R, Deho G,
Polissi A. 2016. Functional interaction between the cytoplasmic ABC pro-
tein LptB and the inner membrane Iptc protein, components of the lipo-
polysaccharide transport machinery in Escherichia coli. J Bacteriol 198:
2192-2203. https://doi.org/10.1128/JB.00329-16.

Baeta T, Giandoreggio-Barranco K, Ayala I, Moura E, Sperandeo P, Polissi
A, Simorre JP, Laguri C. 2021. The lipopolysaccharide-transporter complex
LptB,FG also displays adenylate kinase activity in vitro dependent on the
binding partners LptC/LptA. J Biol Chem 297:101313. https://doi.org/10
.1016/j.jbc.2021.101313.

10.1128/mbio.02202-22 16

Downloaded from https://journals.asm.org/journal/mbio on 02 February 2023 by 159.149.170.59.


https://doi.org/10.1128/JB.01126-06
https://doi.org/10.1126/science.1228984
https://doi.org/10.1002/1873-3468.13935
https://doi.org/10.1016/j.febslet.2009.05.051
https://doi.org/10.1016/j.febslet.2009.05.051
https://doi.org/10.1038/s41586-019-1039-0
https://doi.org/10.1038/s41586-019-1039-0
https://doi.org/10.1038/s41586-019-1025-6
https://doi.org/10.1038/s41586-019-1025-6
https://doi.org/10.1016/j.jmb.2008.04.045
https://doi.org/10.1016/j.jmb.2008.04.045
https://doi.org/10.1128/JB.02057-12
https://doi.org/10.1074/jbc.M110.144709
https://doi.org/10.1074/jbc.M110.144709
https://doi.org/10.1073/pnas.1323516111
https://doi.org/10.1073/pnas.1015617108
https://doi.org/10.1073/pnas.1015617108
https://doi.org/10.1038/nature13484
https://doi.org/10.1016/j.str.2016.03.026
https://doi.org/10.1074/jbc.M802503200
https://doi.org/10.1074/jbc.M802503200
https://doi.org/10.1038/s41598-017-10136-0
https://doi.org/10.1111/mmi.14952
https://doi.org/10.1093/femsre/fuv026
https://doi.org/10.1371/journal.pone.0161354
https://doi.org/10.1038/s41467-019-11977-1
https://doi.org/10.1128/JB.01037-10
https://doi.org/10.3389/fmolb.2021.758228
https://doi.org/10.3389/fmolb.2021.758228
https://doi.org/10.1128/jb.62.3.293-300.1951
https://doi.org/10.1128/jb.62.3.293-300.1951
https://doi.org/10.1038/nmeth864
https://doi.org/10.1038/nmeth864
https://doi.org/10.1016/0092-8674(90)90111-q
https://doi.org/10.1016/0092-8674(90)90111-q
https://doi.org/10.1038/35008635
https://doi.org/10.1016/0003-2697(88)90002-4
https://doi.org/10.1016/0022-2836(70)90402-X
https://doi.org/10.1128/JB.00487-17
https://doi.org/10.1128/JB.00329-16
https://doi.org/10.1016/j.jbc.2021.101313
https://doi.org/10.1016/j.jbc.2021.101313
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02202-22

	RESULTS
	LptFR212G mutant assembles a six-protein Lpt complex.
	LptFR212G directly interacts with LptA in the absence of LptC.
	lptFSupC mutations restore coupling of LPS transport and ATP hydrolysis of LptB2FG in the absence of LptC.
	The lptFSupC mutations do not increase LptF affinity for LptA.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and growth conditions.
	Plasmid construction.
	Affinity purification of membrane Lpt complexes for transenvelope bridge assessment.
	In vivo UV-photo-cross-linking.
	Preparation of lipid and LPS stock solutions.
	Preparation of proteoliposomes and ATPase assay.
	Overexpression and purification of LptA-I36pBPA.
	LPS-release assay.
	SDS-PAGE and immunoblotting.
	Methods for flow cytometry analysis.
	Flow cytometry analysis of proteoliposomes containing E. coli LptB2FG and LptB2FGC variants.
	SEC-MALLS analysis.
	Other methods.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

