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ABSTRACT: Escherichia coli LpxB, an inverting glycosyl transferase of the GT-B superfamily and a member of
CAZy database family 19, catalyzes the fifth step of lipid A biosynthesis: UDP-2,3-diacylglucosamine þ 2,
3-diacylglucosamine 1-phosphate f 20,30-diacylglucosamine-(β,10-6)-2,3-diacylglucosamine 1-phosphate þ
UDP. LpxB is a target for the development of new antibiotics, but no member of family 19, which consists
entirely of LpxB orthologues, has been characterized mechanistically or structurally. Here, we have purified
E. coli andHaemophilus influenzae LpxB to near homogeneity on a 10-100 mg scale using protease-cleavable
His10-tagged constructs. E. coli LpxB activity is dependent upon the bulk surface concentration of its
substrates in a mixed micelle assay system, suggesting that catalysis occurs at the membrane interface. E. coli
LpxB (Mr ∼ 43 kDa) sediments with membranes at low salt concentrations but is largely solubilized with
buffers of high ionic strength. It purifies with 1.6-3.5 mol of phospholipid/mol of LpxB polypeptide.
Transmission electron microscopy reveals the accumulation of aberrant intracellular membranes when LpxB
is overexpressed. Mutagenesis of LpxB identified two conserved residues, D89A and R201A, for which no
residual catalytic activity was detected. Our results provide a rational starting point for structural studies.

Gram-negative bacteria possess an asymmetric outer mem-
brane in which the inner leaflet is composed primarily of
glycerophospholipids while the outer leaflet contains mostly
lipopolysaccharide (LPS)1 (1-3). LPS forms a structural barrier
that protects Gram-negative bacteria from antibiotics and other
environmental stressors (2). The lipid A anchor of LPS is a
glucosamine-based saccharolipid that is further glycosylatedwith
core andO-antigen sugars (1-4). LipidA biosynthesis is required
for viability in most species of Gram-negative bacteria (3). The
minimum structure required for growth is usually lipid A
derivatized with twoKdo (3-deoxy-D-manno-oct-2-ulosonic acid)
residues (3, 5). In addition to serving a structural role as the
hydrophobic anchor of LPS, lipid A is recognized as foreign by
receptors of the innate immune system (6-8). In macrophages,
lipid A stimulates the TLR4 (toll-like receptor 4)/MD2
complex, which in turn activates a signal transduction cascade for
the production of cytokines and other mediators of
inflammation (8-11). In endothelial cells, lipid A also stimulates

tissue factor production (12, 13). The overproduction of these
proinflammatory molecules can damage the microvasculature,
contributing to Gram-negative septic shock and organ fail-
ure (14). Synthetic Escherichia coli lipid A by itself potently
activates TLR4/MD2 and mimics many features of Gram-
negative sepsis when injected into animals (15). Given lipid A’s
importance for bacterial viability and pathogenesis, the enzymes
of its biosynthetic pathway are promising targets for the design of
new antibiotics (3, 16, 17).

The biosynthesis of E. coli lipid A is catalyzed by nine
constitutive enzymes, which are conserved in most Gram-
negative bacteria (1, 3) (Scheme 1). The genes encoding these
enzymes are usually present in single copy. The first three
enzymes, LpxA, LpxC, and LpxD (Scheme 1), convert UDP-
GlcNAc toUDP-2,3-diacylglucosamine (UDP-2,3-diacyl-GlcN),
whereupon LpxH (18, 19) cleaves off the UMP moiety to
generate 2,3-diacylglucosamine 1-phosphate (2,3-diacyl-GlcN-
1-P), also termed lipid X (20). Next, LpxB, an inverting glycosyl
transferase (21, 22), condenses another molecule of UDP-2,
3-diacyl-GlcN with 2,3-diacyl-GlcN-1-P to form 20,30-dia-
cylglucosamine-(β,10-6)-2,3-diacylglucosamine 1-phosphate (DSMP)
and UDP (Scheme 1). Four additional enzymes convert DSMP
to Kdo2-lipid A (Scheme 1) (1, 3).

The characterization of LpxB affords an opportunity to gain
new insights into the biochemistry of glycosyl transferases, which
comprise 1-2% of the biomass of all life forms (23). LpxB is a
member of the GT-B superfamily, which encompasses a diverse
subset of enzymes (23). There are currently∼90 CAZy families in
the GT-B superfamily (http://www.cazy.org/), of which one,
family 19, consists exclusively of LpxB orthologues (23). How-
ever, no LpxB structures have been determined.

Here, we report the overexpression and purification of E. coli
and Haemophilus influenzae LpxB to near homogeneity on a
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10-100 mg scale. We also describe an improved LpxB assay and
characterize E. coli LpxB’s peripheral association with the
cytoplasmic membrane. We demonstrate by mass spectrometry
and autoradiography that 1.6-3.5 phospholipid molecules co-
purify with each LpxB monomer, and we identify conserved
residues required for LpxB activity. Our findings set the stage for
mechanistic studies and X-ray crystallography of LpxB.

MATERIALS AND METHODS

Molecular Biology Protocols. Plasmids described in this
study (Table 1) were amplified in E. coli strain XL1-Blue
(Stratagene, La Jolla, CA) and purified using Qiagen Mini-Prep
kits (Qiagen, Valencia, CA). DNA fragments were purified using
QIAquick Spin kits (Qiagen, Valencia, CA). Both kits were
employed according to the manufacturer’s recommendations.
Restriction endonucleases, T4 DNA ligase, and calf intestinal
alkaline phosphatase were obtained from New England Biolabs
(Ipswich,MA). Pfu TurboDNApolymerase, the 100mMdNTP
stocks (20mMeach of dATP, dTTP, dGTP, and dCTP), and Pfu
Turbo polymerase reaction buffer were obtained fromStrategene
(La Jolla, CA). Polymerase chain reaction (PCR) conditionswere
those recommended by Strategene, except for inclusion of 1%
(v/v) dimethyl sulfoxide.
Cloning of E. coli and H. influenzae lpxB Genes. DNA

oligomers (Erofins MWGOperon, Huntsville, AL) were used to
amplify lpxB genes from E. coli andH. influenzae genomic DNA
(obtained from ATCC, Rockville, MD). The sequences of these
primers are shown in Supporting Information Table 1. For the
E. coli gene, primers were designed to confer 50 NdeI or HindIII
restriction sites and 30 XhoI or KpnI restriction sites. For
H. influenzae lpxB, primers conferred 50 NdeI and 30 XhoI sites.
Amplification from genomic DNA by PCR was accomplished
using a Mastercycler Gradient thermocycler (Eppendorf,

Hamburg, Germany). Amplified inserts were digested by the
appropriate restriction endonuclease and ligated into similarly
digested vectors (EMD Chemicals, Inc., Darmstadt, Germany)
(Table 1) that had been treated with calf intestinal alkaline
phosphatase. Ligation was performed using T4 ligase. E. coli
lpxBwas cloned into pET21a(þ) and pET23b at 50 HindIII and 30

XhoI restriction sites, into pET30b at 50 NdeI and 30 KpnI sites,
and into pET19b and pET16b at 50 NdeI and 30 XhoI sites
(Table 1), using the designated primers shown in Supporting
Information Table 1.H. influenzae lpxBwas cloned into pET16b
at 50 NdeI and 30 XhoI sites. For pECLpxB23 and pECLpxB30
(Table 1), the lpxB stop codons were removed to allow fusion to
the C-terminal tag, using the primers EC_XhoI and EC_KpnI, as
summarized in Supporting Information Table 1. The restriction
endonucleases XbaI and XhoI were employed to subclone E. coli
lpxB from pET21a into the low-copy plasmid pWSK29 (24). The
use of these restriction endonucleases allowed for the transfer of
the 50 ribosome-binding site of pET21a together withE. coli lpxB.
The vectors pET23b, pET30b, pET19b, and pET16b confer a
C-terminal noncleavable His6 tag, a C-terminal factor Xa-clea-
vable His8 tag, an N-terminal enterokinase-cleavable His10 tag, or
an N-terminal factor Xa-cleavable His10 tag, respectively
(Table 1). Ligation was followed by heat-shock-enhanced trans-
formation into competentE. coliXL1-Blue cells (Novagen, EMD
Chemicals, Inc., Darmstadt, Germany). The pET16b constructs
expressing E. coli or H. influenzae LpxB were further altered to
convert the factorXa cleavage site into a tobacco etch virus (TEV)
protease cleavage site with the sequence ENLYFSQS (25), using
the QuikChange mutagenesis kit (Stratagene, La Jolla, CA) with
appropriate primers (Supporting Information Table 1). All con-
structs were confirmed by DNA sequencing.
Optimization of the in Vitro Assay for LpxB. The radio-

chemical LpxB assay described previously (22) was optimized

Scheme 1: Role of LpxB in E. coli Lipid A Biosynthesisa

aThe constitutive enzymes of lipid A biosynthesis are shown in cyan, except for LpxB, which is highlighted in red. The glucosamine ring
numbering is shown in red.
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and adapted to a thin-layer chromatography (TLC) system. The
nonradioactive LpxB substrates lipid X and UDP-2,3-diacylglu-
cosamine were prepared as described (22). The 32P-lipid X was
prepared from E. coli mutant strain MN7 (Table 1) (22, 26).
Unless otherwise indicated, the purified 32P-lipid X was resus-
pended in a buffer containing 0.05% (w/v) Triton X-100, 1 mM
EDTA, and 1 mM EGTA. The addition of detergent resulted in
improved recovery of 32P-lipid X when stored in polypropylene
tubes. Before use, 5 mM stocks of the two nonradioactive
substrates (resuspended in 20 mM HEPES, pH 8.0) were mixed
by vortexing, followed by immersion in a bath sonicator
(Avanti Polar Lipids, Alabaster, AL) for 2 min. Typically,
25 μL reactions were prepared in 0.5 mL polypropylene tubes
(Eppendorf, Hamburg, Germany) containing 0-1% (w/v) fatty
acid free bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis,
MO), 0-2% (w/v) Triton X-100 (Pierce), 400 μM lipid X,
600 μM UDP-2,3-diacylglucosamine, 20 mM HEPES, pH 8.0,
∼1000 cpm/μL 32P-lipid X, and enzyme. Prior to enzyme
addition, these components were equilibrated in a laboratory
heat block for 10 min at 30 �C. Reactions were usually initiated
by the addition of 5 μL of enzyme to 20 μL of the reaction
mixture. At various time points, 3 μL portions were removed
and spotted onto 10 � 20 cm silica gel TLC plates (250 μm)
(EMD Chemicals, Inc., Darmstadt, Germany). TLC plates were
air-dried at room temperature and developed in a system con-
sisting of CHCl3/MeOH/H2O/acetic acid (25/15/4/2 v/v/v/v).
When the solvent front reached ∼0.5 cm from the top edge, the
plates were dried with a hot air stream and exposed to 35� 43 cm
Molecular Dynamics PhosphorImager Screens (GE Healthcare,
Waukesha, WI). After >5 h exposure, these screens were
scanned and quantified using a Molecular Dynamics Storm

840 PhosphorImager (GE Healthcare, Waukesha, WI) and its
associated software.

In the absence of either Triton X-100 or BSA, the LpxB
reactions reached ∼60% completion and were linear with time
for about the first 10% of the progress curve. The inclusion of
Triton X-100 stimulated the initial rate ∼5-fold and allowed the
reactions to proceed to>90%completion. The inclusion of BSA
further improved assay linearity and reproducibility. Triton
X-100 and BSA were therefore included in the standard assay
and in the enzyme dilution buffer. The optimized LpxB assay
contained 400 μM lipid X, 600 μM UDP-diacylglucosamine,
20 mM HEPES, pH 8.0, 0.05% (w/v) Triton X-100, and
0.5 mg/mL fatty acid free BSA.
Large-Scale Purification of E. coli and H. influenzae

LpxB Constructs. All procedures were carried out at 0-4 �C.
For either the pECLpxB-TEV or the pHILpxB-TEV plasmid
(Table 1) expressed in C41(DE3) (also see Supporting Informa-
tion: optimized expression of E. coli and H. influenzae LpxB),
∼15 g of wet cell pellet was suspended in 225 mL of lysis buffer,
consisting of 50 mM sodium phosphate buffer, pH 8.0, 250 mM
NaCl, 25 mM imidazole, 10 mM β-mercaptoethanol, and 20%
(v/v) glycerol. Themixture was filtered through a Buchner funnel
into an ice-chilled Erlenmeyer flask to remove large clumps of
cells. The cells were lysed by three passages through an ice-cold
Cell-Cracker (Microfluidics International Corp., Newton, MA).
Cell debris and membranes were removed by ultracentrifugation
at 100000g for 1 h. Either 10% (w/v) Triton X-100 or 10% (w/v)
dodecyl β-D-maltopyranoside (DDM) (Anatrace, Inc., Maumee,
OH)was added to the supernatant to yield final concentrations of
0.2% (w/v) or 0.1% (w/v), respectively, as indicated below. After
mixing with gentle inversion for 30 min at 4 �C, the sample was

Table 1: Bacterial Strains and Plasmids

strain/plasmid description source or ref

strains

C41(DE3) F ompT hsdsB (rB
- mB

-)gal dcm (DE3) D(srl-recA)306::Tn10 Miroux paper (40)

W3110 wild type, F-, λ- E. coli Genetic Stock

Center (Yale)

XL1-Blue recA1 endA1 gyrA95 thi-l hsdR17 supE44 relAl lac[F0proAB laciqZDM15 Tn10(TerA)] Stratagene

MN7 K-12-derived pgsA444 IpxB1; accumulates lipid X LpxL paper (44)

plasmids

pET21a(þ) expression vector containing a T7 promoter, AmpA Novagen

pWSK29 low-copy expression vector containing a T7 promoter, AmpA LpxL paper (33)

pET23b expression vector containing a T7 promoter, AmpA, confers a noncleavable C-terminal (His)6 tag Novagen

pET30b expression vector containing a T7 promoter, KanA, confers an enterokinase-cleavable C-terminal (His)8 tag Novagen

pET19b expression vector containing a T7 promoter, AmpA, confers an enterokinase-cleavable N-terminal (His)10 tag Novagen

pET16b expression vector containing a T7 promoter, AmpA, confers a factor Xa-cleavable N-terminal (His)10 tag Novagen

pECLpxB21 pET21a(þ) containing E. coli lpxB this work

pECLpxBwsk29 pWSK29 containing E. coli lpxB this work

pECLpxB23 pET23b containing E. coli lpxB this work

pECLpxB30 pET30b containing E. coli lpxB this work

pECLpxB19 pET19b containing E. coli lpxB this work

pECLpxB16 pET16b containing E. coli lpxB this work

pECLpxB-TEV pET16b containing E. coli lpxB wherein the factor Xa cleavage site is replaced by a TEV protease site this work

pHILpxB-TEV pET16b containing H. influenzae ipxB wherein the factor Xa cleavage site is replaced by a TEV protease site this work

pE15A pET19b containing E. coli lpxB-E15A this work

pS17A pET19b containing E. coli lpxB-S17A this work

pD98A pET19b containing E. coli lpxB-D98A this work

pF102A pET19b containing E. coli lpxB-F102A this work

pW126A pET19b containing E. coli lpxB-W126A this work

pR210A pET19b containing E. coli lpxB-R210A this work

pE227A pET19b containing E. coli lpxB-E227A this work

pL314A pET19b containing E. coli lpxB-L314A this work

pN316A pET19b containing E. coli lpxB-N316A this work
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loaded overnight onto a 5 mL Ni-NTA Superflow cartridge at a
flow rate of 0.25 mL/min (Qiagen, Valencia, CA). The cartridge
was first preequilibrated in lysis buffer containing the same
detergent concentration as the sample. The flow rate was main-
tained with a Rabbit-plus peristaltic pump (Rainin Instrument,
LLC, Oakland, CA). The column was washed with 10 bed
volumes of lysis buffer containing the appropriate concentration
of detergent. Excess detergent and contaminants were removed
by washing at 0.25 mL/min with 50 column volumes (250 mL) of
lysis buffer without detergent. Twenty column volumes (100 mL)
of the same buffer, except containing 50mM imidazole, was then
applied as a wash step at 0.5 mL/min. Elution of LpxB was
accomplished with 16 column volumes (80 mL) of the same
buffer supplemented with imidazole at 300 mM at 0.5 mL/min.
To the entire Ni-NTA eluate were added immediately 1 M DTT
and 0.5 M EDTA, pH 7.5, to yield final concentrations of 5 and
10 mM, respectively. Next, 10 mL of 0.5 mg/mL C-terminally
His6-tagged TEV protease was added (25, 27) and thoroughly
mixed with the LpxB by gentle pipetting. After 14 h at 4 �C, the
sample was dialyzed at 4 �C against 4 L of 20 mM HEPES, pH
8.0, containing 200 mM NaCl, 10% (v/v) glycerol, and 10 mM
β-mercaptoethanol. Following at least 8 h of dialysis, the TEV-
digested LpxB was applied at 0.5 mL/min to 7 mL of Ni-NTA
Superflow resin in a 3.7 cm diameter glass column (Bio-Rad)
equilibrated in dialysis buffer. The run-through (∼100 mL) was
collected and concentrated on a 10000 molecular weight cutoff
YM10 membrane (Millipore, Billercia, MA) under nitrogen
pressure in a 50 mL stirred ultrafiltration cell (model 8050;
Millipore, Billercia, MA) until the final volume was 5-9 mL.

The sample was next passed through a 0.2 μm filter (Millipore,
Billercia, MA) and loaded onto a 320 mL calibrated size
exclusion column (Superdex 200 XK26/70; GE Healthcare,
Waukesha, WI), equilibrated with a buffer containing 20 mM
HEPES, pH 8.0, 150 mM NaCl (for E. coli LpxB) or 500 mM
NaCl (for H. influenzae LpxB), and 5 mM tris(2-carboxyethyl)-
phosphine (TCEP). In some preparations, the buffer also con-
tained 0.05% (w/v) DDM, as indicated. The sample was applied
at 0.5 mL/min using an AKTA FPLC system equipped with the
UNICORN program (GE Healthcare, Waukesha, WI). Elution
with 1.1 column volumes (∼350 mL) was at 1 mL/min, and 5 mL
fractions were collected after the excluded volume (110 mL) of
the column was reached. Fractions containing LpxB, as judged
by A280 and SDS-PAGE, were pooled and concentrated to
10-20 mg/mL using Amicon Ultra 10000 molecular weight
cutoff centrifugal concentration devices (Millipore, Billercia,
MA). Concentrated LpxB was divided into aliquots, flash-frozen
using dry ice in ethanol, and stored at -80 �C. Protein concen-
tration was determined by the bicinchoninic acid assay (28). The
concentration of NaCl in the H. influenzae LpxB size exclusion
chromatography buffer was maintained at 500 mM, because the
purified enzyme, when concentrated to >5 mg/mL, precipitated
at lower ionic strength. The protein’s apparent molecular mass
(Mr) was estimated by fitting the observed elution volume to a set
of standards (thyroglobulin, ferritin, aldolase, E. coli LpxD,
serum albumin, conalbumin, ovalbumin, chymotripsin, and
ribonuclease A). Except for lpxD (29), standards were obtained
from GE Healthcare, Waukesha, WI.
Size Exclusion Chromatography of E. coli LpxB in the

Presence or Absence of Detergent. A 500 μL sample of
purified E. coli LpxB (5 mg/mL) was loaded onto a 24 mL
Superdex 200 preparative grade column (GE Healthcare,
Waukesha,WI), attached to an AKTAFPLC system, and eluted

at a flow rate of 0.33 mL/min in buffer containing 20 mM Tris,
pH 7.4, 200 mM NaCl, and 5% (w/v) glycerol. Elution was
followed by A280 and SDS-PAGE analysis of 0.5 mL fractions.
Todeterminewhether detergent affects the estimatedMr, another
size exclusion experiment was performed as above, except that
0.1% (w/v) DDM was included in the buffer.
Apparent Kinetic Parameters and pH Dependency of

E. coli LpxB. Velocity as a function of lipid X concentration
was determined for purified E. coli LpxB using the optimized
assay conditions, except that UDP-2,3-diacylglucosamine
was held constant at 1200 μM, and lipid X was varied from 50
to 1000 μM. The velocities were fit to the Michaelis-Menten
equation using KaleidaGraph (29). The apparent kinetic para-
meters with respect to UDP-2,3-diacylglucosamine concentra-
tion were determined as above, except that lipid X was held at
1200 μM, while UDP-2,3-diacylglucosamine was varied from 50
to 1000 μM. Typically, 5 nM enzyme was used to start the
reaction, and time points were taken at 3, 15, and 30 min.

To determine the pH dependence, LpxBwas assayed in a triple
buffer system, consisting of 100 mM sodium acetate, 50 mM
bis(2-hydroxyethyl)iminotris(hydroxymethyl)hexane, and 50 mM
Tris, ranging in pH from 5.5 to 9.5 (30). Standard assay
conditions with 5 nM enzyme were used, except that the usual
20 mM HEPES, pH 8.0, was replaced with the triple buffer.
Product formation was determined at 15 and 30 min, and
experiments were carried out in duplicate. KaleidaGraph was
used to fit a two-limb pKa curve to the data (30).
Effect of Detergent and Surface Concentration upon

Apparent LpxB Activity. Purified E. coli LpxB was assayed
under standard conditions (400 μM lipid X, 600 μM UDP-2,3-
diacylglucosamine), except that the Triton X-100 was varied
from 10 μM to 1 mM. To avoid detergent carryover into the
reactions, the purified enzyme was diluted as above but in the
absence of Triton X-100. The final LpxB concentration was
10 nM. For the same reason, 32P-lipid X used in this experiment
was resuspended in a buffer containing EDTA and EGTA but
lacking detergent.

To investigate the effects of bulk surface concentration ([lipid
X]þ [UDP-2,3-diacylglucosamine]þ [Triton X-100]) on specific
activity, the purified enzyme was assayed under standard assay
conditions, except that the mole ratio of lipid X:UDP-2,
3-diacylglucosamine:Triton X-100 was held constant at 2:3:4,
and the bulk concentrationwas varied from0.028 to 1.8mM.The
enzyme used in this experiment was diluted in 20 mM HEPES,
pH 8.0, and 0.5 mg/mL BSA but without Triton X-100.

To determine whether LpxB activity is affected by surface
dilution (31), the purified enzymewas assayed in the presence of a
fixed substrate concentration (50 μM lipid X and 75 μM UDP-
2,3-diacylglucosamine), while Triton X-100 was varied from 0.1
to 13.6mM to reach a 100-fold excess in relation to the combined
substrate concentrations.
Construction, Purification, and Characterization of

E. coli LpxB Point Mutants. The plasmid pECLpxB19
(Table 1) was mutagenized using a QuickChange kit
(Stratagene, La Jolla, CA) with appropriate primers
(Supporting Information Table 1). Mutagenized plasmids were
amplified, purified, and confirmed by DNA sequencing. The
plasmids were transformed into the C41(DE3) expression strain.
The resultant constructs were inoculated into LB broth (32)
supplemented with 100 μg/mL ampicillin, induced at A600 of
∼0.5 with 1 mM IPTG for 3 h, and harvested as described in
the Supporting Information. Expression was confirmed by
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SDS-PAGE of cell lysates.Mutant LpxB enzymes were purified
on a small scale in a manner analogous to that described above
(see Supporting Information), except that the membrane-free
lysate was supplemented with DDM to 0.5% (w/v) and the Ni-
NTA eluant was exchanged into 20 mM HEPES, pH 8.0,
150 mMNaCl, 20% (w/v) glycerol, and 0.2% (w/v) DDM using
a PD-10 solvent exchange column (GE Healthcare, Waukesha,
WI). Purified mutant proteins were analyzed by SDS-PAGE
and by the standard in vitro LpxB assay. Concentrations of each
mutant enzyme were varied from ∼1.3 μM to 13 nM as
appropriate.
Extraction of Phospholipids Purifying with E. coli LpxB.

Cells of C41(DE3)/pECLpxB19 (Table 1) were grown in a
750 mL culture, induced, and harvested as described in the
Supporting Information. Purification was accomplished as de-
scribed in Supporting Information, except that the lysate from
the 750 mL culture was divided into four portions: one was not
incubated with detergent prior to purification, while the other
three were incubated at 4 �C for 30 min with either Triton X-100,
octyl β-D-glucopyranoside, orDDM, each of which was added to
a final concentration of 1% (w/v) from 20% (w/v) stocks. Eluted
protein (∼0.5 mg/mL) obtained by Ni-NTA chromatography
was estimated to be >95% pure by SDS-PAGE. A 0.8 mL
portion (0.4 mg) of each of the four purified protein samples was
extracted with a 5.8 mL acidic two-phase Bligh-Dyer mix-
ture (33). The lower phase (2 mL), containing phospholipids,
was removed and transferred to a fresh glass tube. The lower
phase was washed three times with 3.8 mL portions of preequili-
brated acidic Bligh-Dyer upper phase (33). The washed lower
phase was dried under N2, redissolved in 100 μL chloroform/
methanol (2/1 v/v), and injected onto a QSTAR XL time-of-
flight mass spectrometer (Applied Biosystems, Foster City, CA)
operating in the ESI negative ionmode. A spectrumwas collected
in the m/z range of 60-2000 amu, with intensity counts accu-
mulated over 1 min.
Estimation of the Phospholipid to LpxB Ratio by Quan-

titative LC/ESI-MS. A 2.3 μg sample of a synthetic phospha-
tidylethanolamine (PE) standard, consisting of 17:0, 14:1 PE
(Avanti Polar Lipids, Alabaster, AL), was added to 0.4 mg of
purified LpxB; this mixture was extracted by the acidic
Bligh-Dyer method (33, 34). The lower phase was dried under
N2 and redissolved in 100 μL of chloroform/methanol (2/1 v/v).
Next, 20 μL of this material was mixed with 20 μL ofDMSO and
50 μL of liquid chromatography mobile phase A, consisting of
methanol/acetonitrile/aqueous 1 mMammonium acetate (60/20/
20 v/v/v). A 20 μL portion of this mixture was injected onto a
Zorbax SB-C8 reverse-phase column (5 μm, 2.1 � 50 mm)
obtained from Agilent (Palo Alto, CA), using a Shimadzu LC
system composed of a solvent degasser, two LC-10A pumps, and
a SLC-10A system controller (Shimadzu Scientific Instruments,
Kyoto, Japan) coupled to a QSTAR XL quadropole time-of-
flight mass spectrometer (Applied Biosystems, Foster City, CA).
For chromatography, 100%mobile phaseAwas run isocratically
for 2 min, followed by a linear gradient from 100%mobile phase
A to 100% mobile phase B (100% ethanol containing 1 mM
ammoniumacetate) over 14min. The flow ratewasmaintained at
200 μL/min. About 10% of the column eluant was directed to the
QSTAR XL for ESI-MS analysis in the negative ion mode (35).
The total ion current (TIC) and the derived mass spectra were
analyzed using the Analyst QS software package.Most of the PE
species eluted from the C8 column between 8 and 13 min. The
synthetic 17:0, 14:1 PE standard eluted at 10.59 min.

The quantification module of the Analyst software package
was used to integrate the area of the extracted ion current (EIC)
peak of the synthetic PE and the major endogenous PE species.
First, the EIC area corresponding to the PE standard was
calculated. Next, the EICs of the three most abundant PE species
were integrated. These species were PE(34:1) (atm/z 716.51 amu),
PE(32:1) (at m/z 688.48 amu), and the cyclopropane derivative
PE(33:0) (at m/z 702.50 amu). To estimate the amount of each
endogenous PE species, we calculated the ratio of that species’
EIC peak area to the internal standard’s EIC peak area. This
ratio was then multiplied by the number of moles of internal
standard that had been extracted together with the LpxB protein
sample, and these values were summed. Given the moles of LpxB
extracted, and assuming that the three major PE species ac-
counted for about 50% of the total PE (36), and that PE
comprised ∼70% of the total phospholipids purifying with the
LpxB (see below), we estimated the approximate molar ratio of
noncovalently bound phospholipids to purified LpxB.
Estimation of the Phospholipid to LpxB Ratio by 32P

Labeling of Cells. Cultures (50 mL) of C41(DE3)/pECLpxB19
expressing E. coli LpxB or the C41(DE3)/pET19b vector control
(Table 1) were grown in LB broth containing 100 μg/mL
ampicillin at 37 �C in rotary shaker at 200 rpm. At A600 of
∼0.5 (midlog phase), the cultures were inducedwith 1mMIPTG.
One set of vector control and LpxB-expressing cultures was
labeled with [32P]Pi (Perkin-Elmer, Inc., Waltham, MA) at
10 μCi/mL, while another set was grown without labeling. The
cells were harvested after 3 h, and the pellets were washedwith PBS
and divided into two equal portions (each corresponding to 25 mL
of culture). One set of pellets from each of the radiolabeled strains
(vector control and LpxB-overexpressing) was extracted in a
5.8mL acidic two-phase Bligh-Dyer system (33, 34). The quantity
of total lipid 32P in the washed lower phase of each sample was
quantified by liquid scintillation counting (Packard, Inc., Prospect,
CT). Approximately 15000 cpm of each sample was spotted onto a
silica TLC plate. The plates were quickly placed (prior to complete
drying of the spots) into a tank equilibrated with chloroform/
methanol/acetic acid (65/25/10 v/v/v). The developed plates were
dried, exposed to PhosphorImager screens, and quantified. Phos-
pholipids were identified by their Rf values.

Cells from the second set of radiolabeled pellets and a
corresponding set of unlabeled pellets were lysed by sonic
disruption (37) in 25 mL of 50 mM sodium phosphate, pH 8.0,
and 300 mMNaCl. Cell debris andmembranes were removed by
ultracentrifugation for 1 h at 100000g. LpxB from these mem-
brane-free lysates was purified by Ni-NTA chromatography, as
described in the Supporting Information, except that sonic
irradiation was used to accomplish cell lysis. Phospholipids that
copurified with LpxB were extracted with an acidic Bligh-Dyer
system (33, 34), separated, and quantified as described above.
The LpxB purified from the nonradiolabeled cell pellets was
assayed under standard conditions and analyzed by SDS-PAGE
to confirm overexpression and purity. The purified enzyme was
fully active and greater than>95%pure. The molar ratios of the
32P-phospholipids to the purified LpxB samples from which they
were extracted were estimated as follows: the assumption that
∼10 μg of phospholipids can be extracted per A600 unit/mL of
E. coli culture (38); the measured amount of LpxB protein purified
from the 25 mL of culture; and the assumption that the average
molecular weight of E. coli phospholipids is ∼720 g/mol.
Transmission ElectronMicroscopy of E. coli Cells Over-

expressing LpxB. The vector control C41(DE3)pET19b and
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the LpxB-overexpressing C41(DE3)/pECLpxB19 were grown in
LB broth at 37 �C to midlog phase (A600 of ∼0.5) and induced
with 1 mM IPTG for 3 h. The cells were harvested by centrifuga-
tion at∼2500g and fixedwith 2.5% (w/v) glutaraldehyde and 1%
(w/v) tannic acid. Cells were stained with osmium tetroxide,
uranyl acetate, and lead acetate (39). Sectioning and transmission
electron microscopy were conducted at the University of North
Carolina, Chapel Hill, Department of Cell Biology and Physio-
logy Electron Microscopy Facility.

RESULTS

Cloning and Expression of E. coli and H. influenzae
LpxB. The lpxB genes of E. coli and H. influenzae were cloned
into several vectors, including some that introduced N-terminal
or C-terminal His tags (Table 1). Expression in E. coli C41-
(DE3) (40) was monitored by SDS-PAGE and LpxB assay.
Maximal overexpression was obtained with high-copy pET
plasmids encoding LpxB fused to a C-terminal His6 tag via a
short, noncleavable linker or with an N-terminal His10 tag
connected by an 8-12 residue protease-cleavable segment.
Lysates of the best constructs overexpressed LpxB activity
20000-40000-fold relative to vector controls (Table 2 and
Supporting Information Tables 2 and 3). Similar constructs were
used to overexpress H. influenzae LpxB. Membrane-free lysates
of the best H. influenzae constructs had specific activities that

were 10-fold lower than those of the corresponding E. coli lysates
(Table 2 and Supporting Information Table 3) because of lower
protein expression (Figure 1). Extracts of the various E. coli
constructs (Table 1) with cleavable N-terminal His10 tags gene-
rally had specific activities that were within a factor of 2 each
other, as did the corresponding Ni-NTA purified proteins
(Supporting Information Table 2).
An Optimized Autoradiographic Assay for LpxB. A new

autoradiographic assay, employing quantitative PhosphorIma-
ger analysis, was developed to monitor the LpxB activity
based on the conversion of 32P-lipid X and UDP-2,3-diacyl-
GlcN to 32P-DSMP (Scheme 1 and Figure 2A). The linearity and
yield of product formation were improved compared to the
previous assay (22) by inclusion of 0.05% (w/v) Triton X-100
and 0.5mg/mLBSA in both the reactionmixture and the enzyme
dilution buffer. The initial velocity was increased about 5-fold.
Inclusion of 2 mM EDTA or EGTA, 2 mM DTT, or total
70 μg/mL E. coli phospholipids had no effect under these
conditions. The optimized system displayed linear product for-
mation with time (Figure 2B) and protein concentration
(Figure 2C).
Peripheral Association of E. coli LpxBwithMembranes.

We previously observed that about two-thirds of E. coli LpxB
activity sediments with E. coli membranes prepared from wild-
type strains that had been lysed in low-salt buffers (22). To
explore this issue in more detail, E. coli cells expressing LpxB
were lysed in PBS, and membranes were separated from the
soluble fraction by ultracentrifugation. The membranes con-
tained ∼75% of the LpxB activity. Next, they were divided into
three portions, which were washed with either PBS, PBS supple-
mented with 250 mMNaCl, or PBS supplemented with 250 mM
KSCN. The membranes were again collected by ultracentrifuga-
tion. Whereas over 80% of the LpxB units remained associated
withmembranes washed in PBS, inclusion of 250-300mMNaCl
reduced the membrane association to 32%, and 250 mMKSCN
released most of the LpxB into the soluble fraction (data not
shown). When cells overexpressing LpxB were lysed in the
presence of Ni-NTA loading buffer (50 mM sodium phosphate,
pH 8.0, 250 mM NaCl, 25 mM imidazole, and 20% glycerol),
about two-thirds of the LpxB activity was recovered in the
supernatant following ultracentrifugation. The latter procedure
was the simplest for recovering LpxB on a large scale.
Purification of E. coli and H. influenzae LpxB. The

previous purification of E. coli LpxB (22) used dye-affinity resins
that are no longer manufactured and that preceded the advent of
pET vectors. Because N-terminally His10-tagged LpxBs showed
stronger affinity forNi-NTAcolumns than thosewithC-terminal
His6 tags, the former were used for large-scale purification. As
noted above,membrane-free lysates, prepared in the high-saltNi-
NTA resin-loading buffer, contained about two-thirds of the
LpxB activity. The addition of detergents (0.1% (w/v) DDM in
the optimized large-scale purification scheme) to the supernatant

Table 2: Purification of E. coli LpxB from C41(DE3)/pECLpxB-TEV

step total protein (mg)

total volume

(mL)

total units

(mmol/min)

specific activity

(μmol min-1 mg-1) yield (%) fold purification

membrane-free lysate 930 225 42 45 100 1.0

Ni-NTA column fractions 110 90 19 173 44 3.9

TEV-digested Ni-NTA flow-through 100 100 17 170 39 3.6

size exclusion chromatography 52 25 9.5 183 23 4.0

FIGURE 1: Purification of E. coli and H. influenzae LpxB to near
homogeneity. These 12% SDS-Tris-polyacrylamide gels show
30 μg protein samples from each step of the optimized purifications
of N-terminally His10-tagged and TEV protease cleavable E. coli
(panel A) andH. influenzae (panel B) LpxB. The far left lanes are the
molecular mass standards. Lane 1,membrane-free lysates; lane 2, the
Ni-NTA column 300 mM imidazole fraction; lane 3, the TEV
protease digested protein after passage through a second Ni-NTA
column; lane 4, the final material after purification by size exclusion
chromatography. MW denotes the molecular masses of the protein
standards. The molecular masses of the tagged and cleaved E. coli
LpxB constructs are 45.9 and 42.7 kDa, respectively, while those of
the tagged and cleaved H. influenzae LpxB constructs are 46.1 and
43.9 kDa. The activity yields for these E. coli andH. influenzaeLpxB
preparationsare shown inTable 2 andSupporting InformationTable
3, respectively.
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at this stage improved LpxB recovery, even when DDM was
omitted in the later steps.

N-Terminally His10-tagged E. coli or H. influenzae LpxB,
present in the DDM-treated supernatants of E. coli C41(DE3)/
pECLpxB-TEV or E. coli C41(DE3)/pHILpxB-TEV (Table 1),
was purified to about 95% homogeneity, as described in the
Materials andMethods section, by chromatography onNi-NTA
columns (Table 2 and Supporting Information Table 3 and
Figure 1). This step also removed the bulk DDM and the
phospholipids that are otherwise noncovalently associated with
LpxB (see below). TEV protease (25, 27) was then used to cleave
the His10 tag, after which both E. coli and H. influenzae LpxB
were passed through the same Ni-NTA column to remove the
cleaved tag, the remaining His10-tagged LpxB, the C-terminally
His6-tagged TEV protease, and minor contaminating E. coli
proteins. The cleavage of the His10 tag was detected by gel
electrophoresis of the initial Ni-NTA column eluate (Figure 1,

lane 2) versus the TEV-treated LpxB after the second Ni-NTA
column (Figure 1, lane 3). The shift in LpxB migration
corresponded to the loss of ∼2.5 kDa upon cleavage of the tag
and its linker.

Size exclusion chromatography was employed as the final
purification step. E. coli and H. influenzae LpxBs were purified
3.9- and 16-fold from their respective membrane-free lysates
(Table 2 and Supporting Information Table 3 and Figure 1).
Froma 12L induced culture grown toA600=3.5, about 50mg of
E. coli LpxB was obtained with an overall activity yield of 23%
(Table 2), and 15 mg ofH. influenzae LpxB was obtained with a
yield of 21% (Supporting InformationTable 3). The sequences of
these purified constructs were confirmed by ESI/MS of the intact
proteins. For the E. coli LpxB construct, a deconvoluted mole-
cular weight of 42741.00 was measured (expected: 42737.80). For
the H. influenzae LpxB construct, a deconvoluted mole-
cular weight of 43995.00 was measured (expected: 43992.50).

FIGURE 2: Anoptimized quantitative in vitro assay forLpxBactivity.Reactionmixtures at 30 �Ccontained400μMlipidX, 1000 cpm/μL32P-lipid
X, 600 μMUDP-2,3-diacylglucosamine, 20mMHEPES, pH 8.0, 0.5 mg/mLBSA, 0.05% (w/v) TritonX-100, and enzyme, as indicated in a final
volume of 25 μL. At various times 3 μL portions were spotted onto a silica gel 60 plate and developed in chloroform/methanol/water/acetic acid
(25/15/4/2 v/v/v/v). The plates were subsequently dried, and radioactivity was quantified using a PhosphorImager. Panel A: Image of a typical
time course with LpxB purified from C41(DE3)/pECLpxB19 at 20 nM. Panel B: LpxB activity is linear with protein concentration, which was
varied from 2.5 to 40 nM. Reactions were stopped after 3 min. Panel C: LpxB product formation is linear with time.
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Each cleaved, purified protein contains three additional amino
acid residues (SHM) at its N-terminus compared to wild type.
These residues are artifacts of the TEV protease cleavage
sequence and the NdeI restriction site.
Size of E. coli and H. influenzae LpxB As Judged by Gel

Filtration. When analyzed in a detergent-free buffer on a
calibrated Superdex 200 column, E. coli LpxB elutes at a volume
consistent with a Mr of ∼360 kDa (Figure 3A), whereas
H. influenzae LpxB elutes with a Mr of ∼42 kDa (Figure 3B).
The estimated Mrs of E. coli and H. influenzae LpxB are
consistent with an octamer and a monomer, respectively.
When E. coli LpxB is passed through a similar gel filtration
column in the presence of 0.1% (w/v) DDM, the peak shifts
from one consistent with an octamer to a smaller species
(Figure 3C).
Apparent Kinetic Parameters and pH Rate Profile for

E.coliLpxB.The apparentKM for lipidXwas 381( 23μM,and
the apparent Vmax was 271 ( 6 μmol min-1 mg-1 with UDP-2,
3-diacylglucosamine held at 1200 μM (Figure 4A). The apparent
KM and Vmax when varying UDP-2,3-diacylglucosamine were
287 ( 34 μM and 147 ( 7 μmol min-1 mg-1 (Figure 4B). These
values are “apparent” because of the surface dilution effects
inherent in mixed-micelle systems (31). To determine its pH
dependency, purified E. coli LpxB was assayed in a three buffer
system over the range of pH values shown in Figure 4C (30). An

apparent pKa of 5.9( 0.2 and a pKb of 9.0( 0.4 were estimated
from the data.
Effect of Detergent on E. coli LpxB Activity. Purified

enzyme was assayed under standard assay conditions at varying
concentrations of Triton X-100. Between 0 and 500 μM Triton
X-100 increased the apparent specific activity 5-fold (Figure 5A)
with lipid X and UDP-2,3-diacylglucosamine concentrations
held at 400 and 600 μM, respectively. The Triton X-100
concentration in this experiment never exceeded 1 mM. To
determine whether LpxB activity is dependent upon the bulk
concentration of the micelle surface (31), the molar ratios of lipid
X, UDP-2,3-diacylglucosamine, and Triton X-100 were fixed
with respect to each other. The bulk concentration ([lipid X] þ
[UDP-2,3-diacylglucosamine] þ [Triton X-100]) was then varied
from 28 μM to 1.8 mM (Figure 5B). A sigmoidal relationship,
highlighted in the inset, is seen when the bulk surface concentra-
tion is varied between ∼60 and 230 μM. This behavior is
suggestive of interfacial activation, because the apparent specific
activity drops sharply as themixedmicelle surface approaches the
critical micelle concentration of Triton X-100 (50-100 μM) (31).

To probe the effect of surface dilution on the apparent specific
activity of E. coli LpxB, the Triton X-100 concentration was
varied over a larger concentration range (50 μM to 14 mM) than
used in Figure 5A. Moreover, the substrate concentrations were
fixed at ∼10-fold lower values (50 and 75 μM for lipid X and

FIGURE 3: Size exclusion chromatography ofE. coli andH. influenzae LpxB. Panel A: As shown by theA280 profile, pure E. coli LpxB (21 mg as
prepared in Table 2) emerges as an apparent octamer on a 350 mL Superdex 200 column, run at 1.0 mL/min in 20mMHEPES, pH 8.0, 150 mM
NaCl, and 5 mMTCEP. Panel B:H. influenzae LpxB (15 mg as prepared in Supporting Information Table 3) emerges as an apparent monomer
under chromatographic conditions identical to those used for theE. coli enzyme, except for the inclusion of 500mMNaCl to prevent precipitation
above 5mg/mL. Panel C:E. coliLpxB is shifted froman apparent octamer (blue trace) to an apparent dimer (red trace) when 0.1% (w/v)DDM is
included in the buffer. In this experiment, a 24 mL Superdex 200 column was run at a flow rate of 0.33 mL/min in 20 mMTris, pH 7.4, 200 mM
NaCl, 5mMTCEP, and 5%(w/v) glycerol. PanelD:The 350mLSuperdex 200 sizing columnused inpanelsAandBwas calibratedwith indicated
protein standards to estimate the molecular masses of the LpxB peaks.
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UDP-2,3-diacylglucosamine, respectively) than those used in the
standard assay condition. The resulting curve was fit to a single
exponential decay (Figure 5C), consistent with the dilution of the
LpxB substrates at the micelle surface by Triton X-100 (31).

Site-Directed Mutagenesis of Conserved E. coli LpxB
Residues. Highly (∼90%) or absolutely conserved residues
present in the available LpxB orthologues were mutated to
alanine. These mutant proteins were expressed, purified, and
assayed for activity as described in the Supporting Information.
As judged by SDS-PAGE analysis, the expression levels and
purification behaviors of the mutant proteins were similar to
those of the wild type (data not shown). Among the subset of
absolutely conserved residues, two LpxB variants (D98A an
R201A) had no detectable activity, suggesting that they may play
important roles in catalysis or substrate binding. Substitution of
the other residues with alanine resulted in mutant proteins that
retained between 1% and 10% of the wild-type LpxB activity
(Supporting Information Table 4). The absolutely conserved
residues T277 and E281 and the highly conserved residue E326
were not investigated.
Identification of Bound Phospholipids Purifying with

E. coli LpxB. LpxB that was not exposed to DDM or Triton
X-100 after the initial ultracentrifugation step could be purified
by the standard metal affinity chromatography and TEV
protease cleavage protocols. The phospholipids associated with
the protein were extracted using a two-phase Bligh-Dyer system
and analyzed in the negative ion mode by ESI-MS (Figure 6A).
The major phospholipids associated with LpxB are similar in
composition to the total E. coli phospholipids (41), suggesting
that LpxB does not bind a particular molecular species. Upon
repetition of this experiment with purified LpxB that had been
treated with 1% (w/v) DDM prior to Ni-NTA chromatography,
an ∼100-fold reduction in LpxB-associated phospholipids was
observed (Figure 6B). Treatment with 1% (w/v) Triton X-100 or
1% (w/v) octyl β-D-glucopyranoside yielded similar results (data
not shown).

In order to quantify the ratio of bound phospholipids per
LpxB monomer, purified E. coli LpxB that had not been treated
with detergent was extracted together with a known amount of a
synthetic phosphatidylethanolamine standard (17:0, 14:1) with
an exact mass of 675.48. The extracted phospholipids were then
fractionated by reverse-phase chromatography, and the effluent
was continuously monitored by ESI-MS (35). The area of the
extracted ion current (EIC) of the standard was compared to the
corresponding areas of the three most abundant endogenous
phosphatidylethanolamine species (Supporting Information
Table 5), allowing us to estimate the approximate molar quantity
of each (Supporting Information Table 5). With the additional
assumptions described in theMaterials andMethods section, the
molar ratio of phospholipids to LpxBmonomer was about 1:1.6.
Quantification of Phospholipids Bound to E. coli LpxB

by 32P Labeling. The molar ratio of phospholipids bound to
LpxB (purified without exposure to detergent) was confirmed by
labeling cultures ofE. coliC41(DE3)/pECLpxB19 and the vector
control C41(DE3)/pET19b with [32P]Pi. The cell pellets were
divided into two portions: one was directly extracted by the
Bligh-Dyermethod to determine the total phospholipid content.
The cells in the other portion were lysed and subjected to Ni-
NTA affinity chromatography. The LpxB-containing fractions
in the 300 mM imidazole eluate were then extracted with the
Bligh-Dyermethod. The total number of counts in each fraction
was quantified. Therewere 100 times fewer counts in theNi-NTA
fractions from the vector control than from the (His)10-tagged
LpxB fractions (Supporting Information Table 6), confirming
that some phospholipid molecules are indeed associated with
LpxB. Assuming that ∼10 μg of phospholipids/mL of culture is

FIGURE 4: Apparent kinetic parameters and pH-rate profile of E.
coli LpxB. Panel A: Purified E. coli LpxB from strain C41(DE3)/
pECLpxB19 was assayed under standard conditions except that
UDP-2,3-diacyl-GlcN was constant at 1200 μM and lipid X was
varied from 50 to 1000 μM. The velocities were fit to a standard
Michaelis-Menten function using the program KaleidaGraph. The
Michaelis-Menten plots were linear. With respect to lipid X, the
apparent KM was 381 ( 23 μM, and the apparent Vmax was 271 (
6 μmol min-1 mg-1. Panel B: In this experiment lipid X was held at
1200 μM, while UDP-2,3-diacyl-GlcN was varied from 50 to
1000 μM. With respect to UDP-2,3-diacyl-GlcN, the apparent KM

was 287 ( 34 μM, and the apparent Vmax was 147 ( 7 μmol min-1

mg-1. Panel C:E. coliLpxBwas assayed over the indicated pH range
under optimized assay conditions with a triple buffer system consist-
ing of 100mMsodiumacetate, 50mMbis(2-hydroxyethyl)iminotris-
(hydroxymethyl)hexane, and 50 mM Tris (30).
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present at A600 = 1.0 (38) and knowing the amount of LpxB
protein recovered, we calculated that 9.3 or 12.6 nmol of
phospholipids was purified together with 2.9 nmol of LpxB in
two separate experiments, corresponding to an average protein to
phospholipid to molar ratio of 1:3.5 (Supporting Information
Table 6). Although this value is slightly higher than the amount
determined by mass spectrometry (Supporting Information
Table 5), both results exclude the possibility of a phospholipid
vesicle being associated with the purified LpxB protein (42).

Nearly two times more total 32P-labeled phospholipids were
extracted from the cell pellets of the LpxB overexpressing strain
relative to the vector control (Supporting Information Table 5).
To determine whether or not the overexpression of LpxB altered
the phospholipid composition of the host cells, we separated the
labeled phospholipids by TLC and quantified their relative
amounts. The LpxB-overexpressing strain contained somewhat
more phosphatidylglycerol and cardiolipin than the vector con-
trol (Supporting Information Table 7). However, the composi-
tion of the phospholipids associated with LpxB was in-
distinguishable from that of the total wild-type cell pellet.
Transmission ElectronMicroscopy of E. coli Cells Over-

expressing LpxB. E. coli cells in which LpxB is massively
overexpressed contain nearly twice the quantity of phospholipids
as paired vector controls (Supporting Information Table 6),
suggesting that LpxB overexpression perturbs the membrane
phospholipid biosynthesis. LpxB-expressing and vector control
strains were therefore examined by thin-section transmission
electron microscopy. The vector control strain showed a typical
E. coli cell envelope (Figure 7A,B). In contrast, at least 50% of
the LpxB-expressing cells accumulated aberrant tubular mem-
branes (Figure 7C,D) of a uniform diameter, situated mainly
along the inner surface of the inner membrane.

DISCUSSION

LpxB, the lipid A disaccharide synthase, is an essential enzyme
in nearly allGram-negative bacteria (3). Asmembers of theGT-B
superfamily of glycosyltransferases, E. coli and H. influenzae
LpxB are inverting glycosyltransferases in CAZy subfamily 19
(http://www.cazy.org/), a grouping that includes hundreds of
putative LpxB orthologues but no other glycosyltransferases.

FIGURE 5: Effect of detergent concentration on E. coli LpxB activity. Panel A: Pure LpxB from C41(DE3)/pECLpxB23 (Table 1) was assayed
under standard conditions (400 μMlipidX and 600 μMUDP-2,3-diacyl-GlcN), except that the concentration of TritonX-100 (estimated average
molecularmass of 647) was varied from10μMto1mM.Each point represents the average of two identical experiments. Panel B: PureLpxB from
C41(DE3)/pECLpxB-TEVwas assayed under conditions similar to those in panelA, except that themolar ratio of lipidX:UDP-2,3-diacyl-GlcN:
TritonX-100 was held constant at 2:3:4 and then varied from 0.028 to 1.8 mM. The inset shows the sigmoidal behavior of the reaction velocity at
low bulk concentrations. Panel C: To evaluate the effects of surface dilution, pureLpxB fromC41(DE3)/pECLpxB-TEVwas assayedwith 50μM
lipidXand75μMUDP-2,3-diacylglucosamine, and the concentrationofTritonX-100was varied from0.1 to13.6mM.The resulting curvewas fit
to a single exponential decay function.

FIGURE 6: Phospholipids are bound to E. coli LpxB purified in the
absence of detergents. Panel A: Pure LpxB, prepared without exposure
to detergent fromC41(DE3)/pECLpxB19 (Table 1), was extractedwith
a two-phase Bligh-Dyer system. The lower phase was dried under N2,
redissolved in chloroform/methanol (2:1 v/v), and analyzed byESI/MS
in thenegative ionmode followingdirect injection intoanABIQSTAR-
XL time-of-flightmass spectrometer. The phospholipids species are PE,
phosphoethanolamine, and PG, phosphatidylglycerol. Panel B: E. coli
LpxB was purified as above, except that the Ni-NTA-immobilized
enzyme was washed with buffer containing 1% (w/v) DDM, as in the
preparation shown in Table 2. There is a 100-fold decrease in the
amount of phospholipids recovered in comparison to panel A.
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Equipped with an improved autoradiographic LpxB assay
(Figure 2), we have now developed robust expression and
purification procedures for E. coli and H. influenzae LpxB
(Figure 1). E. coli LpxB activity is surface-concentration
dependent (Figure 5), but its surface association is largely
mediated by ionic interactions. Phospholipids copurify with
E. coli LpxB, as demonstrated by radioactive labeling and mass
spectrometry (Figure 6 and Supporting Information Tables
5-7). Alanine-scanning mutagenesis of a subset of conserved
LpxB residues, and purification of the mutant gene products,
allowed us to identify two conserved residues without which
there is no measurable LpxB activity (Supporting Information
Table 4).

High-copy pET plasmids, induced in the E. coli BLR(DE3)-
derived strain, C41(DE3) (40), yielded nearly 100-fold greater
LpxB overexpression than our previously reported strains (22).
Moreover, the addition of a C- orN-terminal polyhistidine tag to
LpxB was crucial for overexpression. This observation has
precedent, although it is unclear whether the polyhisitidine tag
is disrupting regulatory mRNA structure, preventing protein
degradation, or enhancing protein folding. The use of these tags
also facilitated the development of a rapid purification by
Ni-NTA affinity chromatography. Moreover, the use of TEV
protease-cleavable polyhistidine tags (25, 27) facilitated the
efficient removal of copurifying contaminant proteins and

permitted us to purify both E. coli and H. influenzae LpxB to
near homogeneity (Figure 1).

The oligomerization states of E. coli and H. influenzae LpxB
were probed by size exclusion chromatography (Figure 3).E. coli
LpxB, in the absence of detergent, elutes as an apparent
octamer (Figure 3A), while the H. influenzae enzyme is an
apparent monomer under similar conditions (Figure 3B). When
sizing chromatography is performed on E. coli LpxB in the
presence of DDM, the octamer shifts to a smaller species
consistent with either a monomer or a dimer (Figure 3C). This
observation further suggests that the self-association of purified
E. coli LpxB may be mediated, at least in part, by hydrophobic
contacts.

We determined the apparent kinetic parameters for purified
E. coli LpxB (Figure 4). The KM values were within 2-fold of
those that we previously reported in the absence of Triton
X-100 (22), while the apparent Vmax values were about 10-fold
higher, probably because of the optimized assay. Given that
surface dilution effects are observed in this system (Figure 5), the
physiological relevance of these apparent kinetic parameters is
difficult to evaluate. When the substrate concentrations were
fixed at low values and the concentration of Triton was varied
from 1- to 112-fold that of the substrates (Figure 5C), the
apparent LpxB activity decreased dramatically. This dilution
effect is characteristic of surface-active enzymes (31).

FIGURE 7: Transmission electron microscopy of E. coli cells overexpressing LpxB. Thin-section transmission electron micrographs of induced
C41(DE3)/pET19b vector control cells (panels A and B) compared to induced C41(DE3)/pECLpxB19 cells (panels C and D). Cells were fixed
with 2.5% (w/v) glutaraldehyde and 1% (w/v) tannic acid and then were stained with osmium tetroxide, uranyl acetate, and lead acetate (39).
Aberrant tubular membranes (black arrows) were observed in over 50% of the induced C41(DE3)/pECLpxB19 cells.
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If LpxB is not exposed to detergent during purification, it
contains several bound E. coli phospholipid molecules per
monomer, as judged by negative mode ESI-MS analysis
(Figure 6 and Supporting Information Table 5) and 32P labeling
studies (Supporting Information Tables 6 and 7). The bound
lipids were not enriched for any particular species. LpxB activity
is not stimulated byE. coli phospholipids, nor is the phospholipid
free preparation less active than the phospholipid-containing
enzyme (data not shown).

When comparing the total 32P-labeled phospholipid content of
an E. coli LpxB overexpressing strain to that of a matched
vector control, we noted a 2-fold accumulation of phospholipids
in cells overproducing LpxB (Supporting Information Table 6).
Moreover, we observed a statistically significant relative
increase in the amount of anionic phospholipids (Supporting
Information Table 7). We therefore examined the morphology of
these LpxB overexpressing strains by transmission electron
microscopy and noted the accumulation of tubules of uniform
diameter along the inner membrane (Figure 7). Similar, aberrant
membrane phenotypes have been observed in E. coli strains
that overexpress sn-glycerol-3-phosphate acyltransferase (43)
and the peptidoglycan biosynthetic glycosyl transferase
MurG (42, 44). How the overproduction of a specific membrane
protein stimulates de novophospholipid synthesis requires further
exploration.

Alanine-scanning mutagenesis of a subset of conserved LpxB
residues was carried out, and themutant proteins were expressed,
purified to homogeneity, and assayed. Two mutants, D98A and
R201A, had no detectable catalytic activity (Supporting Infor-
mation Table 4). Given that these constructs did not form
inclusion bodies and purified in a manner similar to the wild-
type enzyme, it is unlikely that either mutation caused gross
protein misfolding. The micellar nature of the LpxB sub-
strates (22, 45) (Figure 5) precludes the facile analysis of these
mutants by standard enzyme kinetics.

Our analysis of LpxB’s behavior at the membrane surface
(Figure 5) and its purification with a small number of lipid
molecules (Figure 6) may facilitate its crystallization. The identi-
fication of key functional residues (Supporting Information
Table 4) should further aid in mechanistic and structural studies.
Precedent exists for using inactive point mutants to capture
membrane proteins in conformations that promote crystal for-
mation (46). Although LpxB has a predicted secondary structure
that is similar to those of other glycosyl transferases, including
MurG for which a structure is available (44), the diversity of
glycosyl transferase substrate binding sites and catalytic strate-
gies probably arises from the variable loops between the regions
of conserved secondary structure (23). Knowledge of the struc-
ture of LpxB should reveal its unique lipid-binding properties
(Scheme 1) andmay facilitate the development of novel inhibitors
with utility as antibiotics.
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