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Lipopolysaccharide (LPS) is the main component of the outer membrane of Gram-negative bacteria,
which plays an essential role in protecting the bacteria from harsh conditions and antibiotics. LPS mol-
ecules are transported from the inner membrane to the outer membrane by seven LPS transport proteins.
LptB is vital in hydrolyzing ATP to provide energy for LPS transport, however this mechanism is not very
clear. Here we report wild-type LptB crystal structure in complex with ATP and Mg?*, which reveals that
its structure is conserved with other nucleotide-binding proteins (NBD). Structural, functional and elec-
tron microscopic studies demonstrated that the ATP binding residues, including K42 and T43, are crucial
for LptB's ATPase activity, LPS transport and the vitality of Escherichia coli cells with the exceptions of
H195A and Q85A; the H195A mutation does not lower its ATPase activity but impairs LPS transport,
and Q85A does not alter ATPase activity but causes cell death. Our data also suggest that two protomers
of LptB have to work together for ATP hydrolysis and LPS transport. These results have significant impacts
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in understanding the LPS transport mechanism and developing new antibiotics.

© 2014 Published by Elsevier Inc.

1. Introduction

Lipopolysaccharide (LPS) is a main component of the outer
membrane of Gram-negative bacteria, which is essential for the
vitality of most Gram-negative bacteria, playing crucial roles in
forming a biofilm and protecting the organisms from harsh envi-
ronments [1]. Seven of the lipopolysaccharide transport proteins,
namely LptA, B, C, D, E, F and G, form a trans-envelope complex
for LPS transport from the inner membrane to the outer leaflet of
the outer membrane, of which the LptBFG proteins form an ABC
transporter that extracts LPS from the inner membrane and passes
it to the inner membrane protein LptC which then delivers it to the
LptA [2,3]. LptA transports LPS to the outer membrane LPS translo-
con LptD/E complex, in which the LPS is inserted into the outer
membrane [4,5]. Two crystal structures of LptD/E complex from
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Salmonella typhimurium LT12 and Shigella flexneri were reported,
and both structures revealed that the LptD/E forms a novel two-
protein “barrel and plug” architecture, with the LptD forming a
26-stranded barrel [6,7]. Our functional assays and molecular
dynamics simulations suggested that LptD inserts LPS into the
outer membrane through a lateral opening between strands p1
and B26 [6].

The outer membrane of a single Escherichia coli cell has around
2 x 10° LPS molecules and all the LPS molecules have to be trans-
ported to the outer leaflet of the outer membrane from the inner
membrane. LptB hydrolyzes ATP to provide the energy for LPS
transport [5]. Unlike previous reported ABC transporters, LptBCFG
does not transport the LPS across the inner membrane but extracts
the LPS directly from the inner membrane instead [8,9]. LptB is a
potential drug target for development of novel drugs; however,
work is hampered as there is no structure available for rational
drug design [10,11]. While preparing this manuscript, structures
describing an inactive LptB in complex with ATP, and LptB with
ADP were published [12] in which three residues (E163, H195
and F90) have been identified to be essential for the LPS transport,
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although the H195 and F90 mutations did not significantly
decrease LptB’s ATPase activity. The studies, however, did not show
how the substrate binding residues affected ATPase activity and
LPS transport, which is crucial not only for understanding the
transport mechanism but also important for rational drug design.
Here, we report the wild-type LptB protein structure in complex
with ATP and Mg?*; we systematically generated alanine substitu-
tions of the active site residues and performed in vitro and in vivo
assays to further understand the relationship between ATPase
activity and LPS transport. Particularly, we demonstrated that res-
idues S139 and E142 of another protomer in the LptB dimer are
essential for the LptB’s ATPase activity and cell vitality. Finally,
we have examined the ultrastructure of H195A mutant strain using
transmission electron microscopy.

2. Materials and methods
2.1. Plasmid constructions

The E. coli IptB gene was amplified by PCR using genomic E. coli
K12 DNA and introduced into the hexahistidine (6 xHis) tag at the
C-terminus of LptB into plasmid pACYCDuet (Novagen). All the IptB
mutations of the active site residues were generated using site-
directed mutagenesis Kkits (Stratagene) according to the manufac-
turer’s instruction. The primers used in the cloning and mutagen-
esis are shown in Supplementary Table 1. All IptB constructs
were confirmed by DNA sequencing.

2.2. Protein expression and purification

BL21(DE3) cells containing IptB plasmids were grown at 37 °C
in Terrific Broth containing 34 pg/mL chloramphenicol (Chl).
Expression was induced by adding 0.15 mM IPTG for 16h at
25 °C, when ODgg, of the cell cultures reached ~0.6. The cells were
harvested by centrifugation at 5000g for 15 min and the pellets
were resuspended in 20 mM Tris-HCI, pH 7.5, 10% (v/v) glycerol,
5 mM MgCl, and 2 mM ATP containing 1 mM phenylmethylsul-
fonyl fluoride (PMSF, Sigma), 50 pig/mL DNase I (Sigma) and 1 pro-
tease inhibitor tablet (Roche). Cells were disrupted by a French
Press (Thermo Electron). The cell lysate was centrifuged at
15,000g for 30 min and the supernatant was loaded onto nickel-
nitrilotriacetic acid (Ni-NTA) beads (Qiagen) and washed with
20 mM Tris-HCl, pH7.5, 0.3 M NaCl and 30 mM imidazole. LptB
was eluted with 20mM Tris-HCl, pH 7.5, 0.3 M NaCl and
300 mM imidazole. The protein was further purified by a size
exclusion column Superdex-200 with 20 mM Tris-HCl, pH 7.5,
0.5 M NacCl and 5% (v/v) glycerol. The protein was confirmed by
mass spectrometry. All the mutants of LptB were overexpressed
and purified similarly.

2.3. LptB crystallization

Purified LptB-6xHis was concentrated to 10 mg/mL. 2 mM ATP
and 5 mM MgCl, were added to the protein before crystallization.
The diamond-shaped crystals grew in 1 week in 0.2 M ammonium
fluoride and 20% PEG 3350 at 20 °C, using the sitting-drop vapor
diffusion method with 0.5 pL of protein and 0.5 pL of the crystalli-
zation solution.

2.4. Data collection and structure determination

LptB-6xHis crystals were cryo-protected by a solution contain-
ing 20% PEG 3350, 0.2 M ammonium fluoride and 20% glycerol, and
flash-cooled in liquid nitrogen prior to data collection at 104-1 of
the Diamond Light Source, UK. The data was indexed and integrated

using Mosflm [13], and scaled using SCALA [14]. The structure was
determined by molecular replacement using Phenix [15]. The
model was built using Phenix and Coot [16], and structural refine-
ments were performed with REFMACS5 [17].

2.5. LptB ATPase activity determination

LptB ATPase activity was determined using a revised method
[15]. Briefly, the reaction was carried out in 20 mM Tris-HCI, pH
7.5, 0.5 M NaCl and 5% (v/v) glycerol, containing 0.8 M wild-type
or mutant LptB-6xHis, 0.1 mg/mL BSA, 5 mM MgCl,, 6 units/mL
pyruvate kinase, 0.1 unit/mL lactate dehydrogenase, 4 mM phos-
pho(enol) pyruvic acid and 0.32 mM B-Nicotinamide adenine dinu-
cleotide, reduced dipotassium (NADH). The reactions were
initiated by adding 1 mM ATP. NADH oxidation was measured by
recording the changes in absorbance at 465 nm (/ex =340 nm,
Jem =465 nm) with a Nanodrop. Known concentrations of NADH
in the reaction buffer were used to generate a standard curve;
the error bars represent the mean + SD (n = 3).

2.6. In vivo LptB functional assays

The plasmids encoding LptB-6xHis and mutants were intro-
duced into BB-5 cells for the functional assay. BB-5 is an IptB deple-
tion strain derived from E. coli BW25113, in which the inducible
araBp promoter controls the expression of the IptB genes [18]. All
the mutant strains were cultured in LB (34 pg/mL kan, 34 pg/ml
chl and 0.2% arabinose) overnight at 37 °C. 0.5 mL of these over-
night cultures were pelleted, washed twice with LB broth, and
diluted 1000-fold into fresh LB broth (34 png/mL kan, 34 pg/mL
chl and 0.1 M IPTG for all the transformants). A control was also
prepared where the BB-5 strain was diluted 1000-fold in LB with
0.2% arabinose (ara®) or without arabinose (ara~). After 2 h, E. coli
cell growth was monitored by measuring the ODggg of the cultures
at hourly intervals for 7 h.

2.7. Electron microscopy

Bacterial samples for Transmission Electron Microscopy (TEM)
were prepared according to a reported method [18]. Cultures from
above were collected by centrifugation when the growth curve
started falling (at approximately 6 h). The pellets were washed
and resuspended in PBS (pH 7.4). Thin 70-nm sections were
obtained using a diamond knife on a Leica UC6 Ultramicrotome,
and observed on a tecnai G2 F20 (FEI, USA) Transmission Electron
Microscope equipped with an Omega Energy Filter. Micrographs
were taken directly under the microscope with Kodak 4489 photo-
graphic films for TEM.

3. Results
3.1. The structure of LptB

The crystals belong to space group C222; with cell dimensions
a=8516A, b=125.76 A, c=89.61 A and a=p=7=90° (Supple-
mentary Table 2). The structure of LptB was determined to 2.22-
Angstrom resolution by molecular replacement using Phenix, and
an ATP-binding subunit of a branched amino acid ABC transporter
(1]J10) from Thermotoga maritima as a search model. There are two
LptB protomers in an asymmetric unit. The model contains residue
A2 to G236. LptB comprises ten a-helixes and ten B-sheets, forming
two domains; the RecA-like domain and a-helical domain (Fig. 1A
and B). Between the two domains, there is a highly hydrophobic
groove, which we predict to be binding sites of the transmembrane
domains of LptF and G (more details in Section 4) (Fig. 1C and D).
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Fig. 1. Structure of LptB. The ATP molecule is shown in stick. (A) Carton representation of a protomer structure of LptB in cyan. The Walker A motif, H-loop, Walker B motif, D-
loop, Q-loop and signature motif are in gray, orange, magentas, yellow, green and blue, respectively. (B) Potential electrostatic map of LptB protomer. Negative charged
residues in red and positive charged residues in blue. (C) Dimeric structure of LptB in cartoon. The ATP molecules are located between two protomers. One protomer in cyan
and another in gray. The motifs are in the same colors as in (A). (D) Potential electrostatic map of the dimeric LptB. There are grooves between the helical and the RecA-like
domains (shown in dark dotted circles), which is highly hydrophobic, which is potential sites to host the “coupling domains” of the transporter’s transmembrane domains.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

LptB’s structure is very conserved, having the Walker A, Walker B,
Q-loop, D-loop, H-loop and ABC signature motifs (Fig. 1A), which
are the features of NBDs [19,20].

3.2. ATP locates into the active site of LptB

There are clear electron densities for two ATP molecules and
two Mg?* ions in the asymmetric unit, indicating that each LptB
molecule is bound to one ATP molecule and one Mg** ion
(Fig. 2A). The explanation as to why ATP, but not ADP presents in
the structure is that ammonium fluoride could inhibit the reaction.
The adenine of ATP is stocked against the hydrophobic side chain
Y13, while the ribose is anchored by R16 and V18. The a-phos-
phate interacts with the side chain of T44, whereas B-phosphate
forms a salt bridge with the side chain of K42 and interacts with
the main chains of the Walker A loop. The y-phosphate is anchored
extensively by side chains N38, K42 of the Walker A motif, Q85 of
the Q-loop, E163 of the Walker B, H195 of the H-loop. The Mg?* ion
is coordinated by B-phosphate, y-phosphate, Q85, T43, and two
water molecules (Wat1 and Wat2) (Fig. 2A). Sequence alignment

shows that residues N38, K42, T43, T44, Q85, E163 and H195 from
the typical motifs involved in the ATP binding and hydrolysis are
absolutely conserved, while residues Y13, R16, and V18 are highly
conserved (Supplementary Fig. 1). E163 is proposed as a catalytic
base for activation of a water molecule for the hydrolysis of the
ATP but the functions of other residues in the catalytic reaction
are debatable [19,20]. Collectively, LptB forms a highly charged
pocket with hydrophobic patches for substrate ATP binding
(Figs. 1B and 2A).

3.3. LptB forms dimers in solution

Size-exclusion chromatography of LptB suggested that it is
dimeric in solution when ATP is present, which is consistent with
other NBDs [21,22]. The dimeric structure of LptB is generated
according to symmetry-related molecules. The ATP is sandwiched
by two subunits of LptB, where the ATP is between the RecA-like
domain (Walker A) of one subunit and the signature motif of
another subunit in a head-to-tail arrangement. The E142 and
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Fig. 2. LptB active site residues and their importance for ATPase activity and the vitality of the E. coli cells. (A) ATP molecule is located into the active site, which interacts with
residues Y13, R16, N38, H195, E163, Q85, T43, T44 and V18. The Mg?" ion is coordinated by phosphates of ATP, water molecules, E163 and T43. An unbiased FoFc electron
density map of ATP is shown at 2.5 c. (B) Residues S139 and E142 from signature motif of another protomer interact with the ATP molecule. (C) ATPase activity of the LptB
variants. The ATPase activity of H195A increases and Q85A is very similar to LptB-6 xHis, while other variants K42A, D162A, E163A, S139A and E142A significantly decrease
the ATPase activity. The error bars represent the mean + SD (n =3). (D) LptB variants result in E. coli cell deaths. All mutations cause the cell deaths, which showed the
discrepancy between the ATPase activity and cell vitality, particular mutation H195A, and Q85A. The error bars represent the mean + SD (n = 3).

S$139 from the signature motif interact with the ribose and the y-
phosphate of the ATP, respectively (Figs. 1C, D and 2B).

3.4. The potential active site residues are crucial for ATPase activity

To check whether these active site residues are essential for
in vitro activity, we generated the alanine substitutions K42A,
T43A, Q85A, S139A, E142A, D162A, E163A and H195A with C-ter-
minal 6xHis tag. We performed in vitro assays to test the ATPase
activities of the variants (Fig. 2C), and we adjusted all mutant pro-
tein samples to the same concentration. The E163A variant showed
no activity, which is consistent with the essential role of E163 as
catalytic residue in the NBDs [21,22]. Surprisingly, the H195A
mutant showed greater activity than wild-type LptB-6xHis, con-
trary to other known NBDs where such a mutation resulted in a
total loss of activity [21,22]. The Q85A variant in the Q-loop
showed similar activity to wild-type LptB-6 xHis, which is different
from other NBDs where such a mutation significantly decreased

ATPase activities [21,22], while mutants K42A, T43A, and S139A
significantly lowered ATPase activity. Beside for the H195A and
Q85A variant, these activity data suggest that residues E142,
S$139, D162, and E163 from the conserved motifs are essential for
LptB activity (Fig. 2C). Importantly, we have also proven that resi-
dues K42 and T43 from the non-conserved motifs are also essential
for ATPase activity.

3.5. The ATP binding residues are essential for the vitality of E. coli cells

To test whether the active site residues are important for the
E. coli cell growth, we transformed the plasmids encoding wild-
type and mutant variants of IptB into IptB depleted E. coli BB-5 cells.
The BB-5 cells with the LptB-6xHis plasmid could grow in LB med-
ium when induced with 0.1 mM IPTG (Fig. 2D). BB-5 cells bearing
K42A, T43A, S139A, E142A, D162A, and E163A mutant expressing
plasmids showed significantly impaired cell growths (Fig. 2D),
which is consistent with the in vitro assays where these mutations
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showed a loss of ATPase activity (Fig. 2C). These results strongly
suggest that the ATPase activity of LptB is crucial for the vitality
of E. coli cells. However, there are two exceptions; one is the
H195A mutant which was found to have greater activity than
LptB-6 xHis in vitro, but caused E. coli death in vivo; the second is
the Q85A mutant which showed comparable activity to wild-type
LptB in vitro, but resulted in cell death in vivo. The explanation of
the differences between the in vitro and in vivo assays of H195A
and Q85A could be because of differing protein expression levels
of the two variants in the membrane, or differing protein-protein
interactions in forming the ABC transporters [12].

3.6. LptB mutant impairs LPS transport in E. coli

It is reported that the morphological and structural abnormali-
ties of E. coli cells in IptA, B, C, D, E, F and G depletion strains, are the
result of blocked LPS transport to the outer leaflet of the outer
membrane [18,23]. To check whether the IptB variants can stop
LPS transport, we performed TEM studies of the BB-5 E. coli cells
with the H195A mutant and the E. coli cells expressing wild-type
LptB-6xHis (Fig. 3A and B). The H195A mutant showed fiber-like
cells with membrane accumulation in the periplasm, or budding
of vesicles from the outer membrane, which is a typical phenotype
of IptB depletion strains that is different from the wild-type [18],
indicating that the LPS molecules have not been delivered to the
outer membrane correctly.

4. Discussion

Proteins LptB, C, F and G form a unique ABC transporter to
extract LPS molecules from the inner membrane, where the trans-
porter is powered by LptB hydrolyzing ATP [5,24]. We report here
the wild-type LptB structure in complex with ATP and Mg?* ion,
which revealed the critical residues in ATP binding and hydrolysis.
The mutagenesis studies, in vitro ATPase assays and in vivo cell
growth assays confirmed the characteristics of LptB’s key ATPase
sites. Unlike other NBDs, the Q85A mutation did not result in a
decrease in ATPase activity, but resulted in cell death (Fig. 2C
and D). The H195A mutant showed an increase in ATPase activity
in vivo, but caused cell death in vivo, and defective LPS transport
(Fig. 2C and D). These results may reflect characteristics that distin-
guish LptB from other NBDs, where LptB may behave differently
when isolated from the entire LptBCFG transporter in the cell

membrane. This suggests that we should combine the in vitro
and in vivo assays together for drug discovery studies. We also per-
formed systemic in vitro ATPase activity and in vivo cell growth
assays with mutants E163A, S139A, E142A and D162A, K42A and
T43A of the conserved residues, which showed that these variants
significantly impair ATPase activity and cell growth. It is important
to mention that S139 and E142 are involved in the ATP binding
from another protomer of the dimer, and that mutants S139A
and E142A resulted in a decrease of LptB activity and caused the
deaths of the BB-5 cells, strongly suggesting that the two protom-
ers of the LptB dimer have to work together for ATP hydrolysis,
which could provide the energy to drive the rotation of the a-heli-
cal domains of LptB. This could lead to conformational changes in
the transmembrane domains to extract LPS from the inner mem-
brane. Altogether, these results may help to expand our under-
standing of the critical biological processes of LPS transport and
assist rational drug design.

The structure of LptB resembles the NBD of maltose transporter
(2R6G) with Root-square deviation (RMSD) of 1.581 over 223 Co
atoms, and those of other type I transporters (Fig. 4A). However,
NBDs of type I transporters normally have three domains, the o-
helical domain, the RecA-like domain and the regulation domain.
The structure of LptB resembles the NBD of vitamin B12 trans-
porter (2QI9) with RMSD of 1.777 over 214 Co atoms (Fig. 4B).
The vitamin B12 transporter is a type II transporter, and the NBD
comprises only two domains, the a-helical domain and the RecA-
like domain.

When superimposed, the structure of dimeric LptB against sub-
unit BtuD of the vitamin B transporter (BtuCDF, 2QI9), revealed that
the dimeric arrangement of the two NBDs is very similar, including
the way the ATPs bind (Fig. 2B). The superimposition also revealed
that the two grooves between the RecA-like domain and the a-heli-
cal domain of the LptB are potential transmembrane domain bind-
ing sites, where the grooves could host the “coupling helices” from
the transmembrane domains of the transporter (Fig. 4B and C). Each
groove comprises highly hydrophobic residues 152, L72, H73, Y82,
P84, F90, V102, and 1105. We postulate that hydrolysis of ATP and
the release of ADP would result in significant conformational
changes of LptB, which will cause the conformational changes of
the transmembrane domains of LptF and LptG. These conforma-
tional changes may laterally open a gate between the LptF and LptG
to extract the LPS from the inner membrane. The LptB not only pro-
vides the energy for LptBCFG to extract the LPS from the inner

LptB

H195A

Fig. 3. Morphological abnormity of LptB variants. (A) The BB-5 cells with the LptB-6xHis. (B) The BB-5 cells with H195A of LptB-6 xHis. The cells become fiber-like shape with

membrane accumulation, which is very similar to LptB depletion strain.
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Fig. 4. LptB structure is similar to other NBDs of transporters. The LptB is in cyan, while NBD domains of BtuBCD and LolCDE are colored in green and gray, respectively. (A)
LptB structure is superimposable to that of NBD domain of the maltose transporter. The NBD of the maltose transporter has additional regulatory domain. (B) LptB is
superimposed to NBD domain of vitamin B12 transporter, suggesting that the groves between the a-helical and RecA-like domains are potential sites for hosting the
“coupling helices” of the transmembrane domains. (C) The potential residues may involve in binding the LptB to the transmembrane domains. (D) LptB is superimposed to
NBD of LolCDE, which is responsible for lipoprotein transport. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

membrane, but also provides the energy for the LPS transfer from
LptC to LptA, indicating that the LptBCFG transporter may be quite
a unique example of a type II transporter [5]. Furthermore, LptB’s
structure is very similar to that of the NBD of LolCDE (Fig. 4D), indi-
cating that LolCDE may use mechanism similar to LptBCFG for
extracting lipoproteins from the inner membrane.

5. Protein Data Bank accession code

The structure factor and coordinates of LptB in complex with
ATP and magnesium ions are deposited in the Protein Data Bank
at accession code 4QC2.
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