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Crystal structure of lipid A disaccharide synthase 
LpxB from Escherichia coli
 Heather O. Bohl 1, Ke Shi1, John K. Lee1,2 & Hideki Aihara1

Most Gram-negative bacteria are surrounded by a glycolipid called lipopolysaccharide (LPS),

which forms a barrier to hydrophobic toxins and, in pathogenic bacteria, is a virulence factor.

During LPS biosynthesis, a membrane-associated glycosyltransferase (LpxB) forms a tetra-

acylated disaccharide that is further acylated to form the membrane anchor moiety of LPS.

Here we solve the structure of a soluble and catalytically competent LpxB by X-ray crys-

tallography. The structure reveals that LpxB has a glycosyltransferase-B family fold but with a

highly intertwined, C-terminally swapped dimer comprising four domains. We identify key

catalytic residues with a product, UDP, bound in the active site, as well as clusters of

hydrophobic residues that likely mediate productive membrane association or capture of

lipidic substrates. These studies provide the basis for rational design of antibiotics targeting a

crucial step in LPS biosynthesis.
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Antibiotic-resistant bacteria are an increasing threat to
human health1. The development of new antibiotics to
fight resistant strains can be aided by the characterization

of new targets2. Most Gram-negative bacteria have an outer
membrane with an outer leaflet composed of lipopolysaccharide
(LPS), which contains a lipid A membrane anchor, core oligo-
saccharide, and O-antigen polysaccharide3. LPS creates a barrier
to hydrophobic toxins, increasing Gram-negative resistance to
many antibiotics3,4. Resistant Gram-negative bacteria, such as
Pseudomonas aeruginosa5, Acinetobacter baumannii6, and Kleb-
siella pneumonia7, are an increasing medical problem1. Moreover,
LPS and lipid A contribute to the mortality and morbidity of
Gram-negative infections, because they can over-stimulate the
host immune system and cause septic shock3. As LPS is critical
for the viability of most Gram-negative bacteria3, enzymes that
are essential for the synthesis of a functional LPS molecule are
attractive targets for antibiotics.

LpxB is a glycosyltransferase in the Raetz (lipid A synthesis)
pathway that catalyzes nucleophilic attack of the 6′-hydroxyl of
lipid X (1) on the anomeric carbon of UDP-diacyl-glucosamine
(UDP-DAG) (2) to form β(1–6)-tetraacyl-disaccharide 1-
phosphate (lipid A disaccharide) (3) (Fig. 1)8–12. LpxB is essen-
tial for growth of Escherichia coli and is among the most highly
conserved enzymes in the Raetz pathway13,14. LpxB was first
identified from a temperature-sensitive mutant of E. coli (pgsB1)
that was shown to accumulate lipid X and lipid Y (a palmitoylated
form of lipid X) at 42 °C15,16. LpxB was fully purified and
enzymatically characterized by Metzger and Raetz10 who showed
that LpxB is a membrane surface active enzyme.

Of the enzymes present in the canonical Raetz pathway, seven
have been structurally characterized (LpxA17, LpxC18, LpxD19,
LpxH20,21, LpxK22, WaaA23, and LpxM24) and two of them have
not (LpxB and LpxL). In addition, LpxI (a non-homologous
alternative to LpxH) has been structurally characterized by X-ray
crystallography25,26. Antibiotic lead compounds that target

LpxC27–33, LpxH34, LpxD35, and LpxA35,36 have been developed,
but none have been reported for LpxB.

Here we present the first crystal structures of a soluble variant
of E. coli LpxB in the apo form and bound to UDP, which reveals
a novel glycosyltransferase-B (GT-B) dimer wherein the C-
terminal tail of one subunit completes the fold of the other
subunit. We further show importance of the LpxB dimerization
via C-terminal swapping through functional analyses. This
structure provides a basis for rational and computational design
of antibiotic lead compounds targeting this essential step in LPS
synthesis.

Results
Overall structure of LpxB. In order to crystallize LpxB, a soluble
form of the enzyme was generated. We utilized the
Phyre2 server37 to create a homology model of LpxB based on
UDP-N-acetylglucosamine 2-epimerase from Thermus thermo-
philus HB8 (PDB: 1V4V). We compared the homology model
with the structure of MurG (PDB: 1F0K and 1NLM)38,39, which
was found to have a hydrophobic patch likely involved in
membrane association39. We identified, and mutated to Ser, six
Val and Leu residues (V66, V68, L69, L72, L75, and L76) in a
nearby region of the LpxB homology model. These mutations
improved solubility and yield of LpxB, and the LpxB with all six
mutations (LpxB6S) showed the least aggregation on a size
exclusion column (Supplementary Fig. 1). LpxB6S was used for
initial crystallization screening and optimization. An additional
mutation (M207S) was added for selenomethionine derivative
crystallization giving LpxB7S (Table 1).

LpxB6S was crystallized with one molecule in the asymmetric
unit. However, the biological assembly is a highly intertwined, C-
terminally swapped homodimer. Each half of the LpxB dimer
consists of two Rossmann-like domains with a parallel β-sheet
core sandwiched between α-helices (Fig. 2 and Supplementary
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Fig. 1 LpxB reaction. LpxB catalyzes the nucleophilic attack of the 6′-hydroxyl of lipid X (1) on the anomeric carbon of UDP-DAG (2) with UDP as the
leaving group9. As for other inverting GT-B enzymes, this reaction is thought to proceed by an SN2 mechanism40,41
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Fig. 2). Both polypeptides within the LpxB dimer contribute to
the fold of each domain. The first Rossmann-like domain is
composed of the N-terminal half of one subunit (residues 1–166)
and the last helix (369–382) from the C-terminus of the other
subunit. This domain is connected via short antiparallel helical
linkers to the second domain, which is composed of residues
177–295 of the first subunit and 296–345 of the second subunit.
Although the tertiary structure of LpxB is typical for the GT-B
family, the quaternary structure is unique40,41. LpxB forms a two-
fold symmetric dimer in which the polypeptide chains crossover
at helix 14 around the dyad axis to swap the remainder of the
polypeptide chain. The reciprocally swapped C-terminal seg-
ments wrap around the opposing subunit in an interlocked
arrangement. These extensive interactions bury a total surface
area of 12,650 Å2, forming an LpxB dimer with an overall
‘bowtie’-shape. Supplementary Figure 2 presents the isolated
monomer and a 2D depiction42 of the dimer.

UDP binding site. The ligand-bound structure of LpxB was
obtained by soaking crystals with 10 mM UDP-N-acytlglucosa-
mine (UDP-GlcNAc), a mimic of one of the reactants, UDP-
DAG (Fig. 3). Only the UDP portion of the molecule is resolved
in the electron density map (Fig. 3b), suggesting that the GlcNAc
moiety is highly flexible or that UDP-GlcNAc was hydrolysed
during soaking as has been observed before for nucleotide-charged
sugars soaked or co-crystallized with GT-B enzymes43–45. The
uracil base binds in a hydrophobic pocket formed by L197, P198,
P231, and V233, which is on the second Rossmann-fold domain
and facing the deep inter-domain cleft. The P231 carbonyl oxygen
also hydrogen-bonds with N3 of uracil and the G199 amide
nitrogen hydrogen-bonds with the O4 carbonyl of uracil. In
addition, two water molecules connect active site residues to
uracil: the first water connects the G199 carbonyl oxygen and the

V233 amide nitrogen to O4 of uracil, and the second water
connects the G261 amide nitrogen to the O2 carbonyl of uracil.
The ribose 2′ and 3′ hydroxyls both hydrogen-bond with the
E281 side chain. The α- and β-phosphates hydrogen-bond with
the S200 and T277 side chains, respectively. R201 also contacts
both the α- and β-phosphates of UDP, albeit at a slightly longer
distance (3.8 Å). R201 was shown to be critical for LpxB enzy-
matic activity, and this Arg side chain likely has a catalytic role in
stabilizing the negatively charged transition state of the UDP
leaving group10.

Membrane association of LpxB. We assessed the activity of
solubilized LpxB (LpxB6S) by in vitro enzymatic assays as well as
by genetic knockout and complementation. In vitro activity
assays suggested that the ability of LpxB6S to catalyze the reaction
of Triton X-100-solubilized substrates was completely abolished.
Even after the reactions proceeded for over 17 h, the amount of
UDP released was not above that of a zero enzyme control. Thus,
the activity of LpxB6S was below the detection limit under these
conditions (Table 2). In contrast, the specific activity of wild-type
LpxB was measured at 6.17± 0.53 μmol min−1 μmol−1 (Table 2).
However, when the substrates were solubilized with 0.9 M 3-(1-
Pyridinio)-1-propanesulfonate (NDSB 201), residual lipid A dis-
accharide synthesis was observable for LpxB6S by thin layer
chromatography (TLC) (Supplementary Fig. 3), but LpxB6S
activity remained below the detection limit for UDP-release
assays even with the addition of NDSB 201 (Table 2). These
results demonstrate that LpxB6S remains catalytically competent
and suggest that this solubilized form of the enzyme fails to
extract lipid substrates from detergent micelles. To probe which
of the residues mutated in LpxB6S are more important, we tested
the in vitro activity of less mutated versions of LpxB. We tested
two sets of triple mutants: V66SV68SL69S (VVL), which are

Table 1 Diffraction and refinement statistics

LpxB7S (PDB: 5W8S) LpxB7S SeMet (SAD
data)

LpxB7S+UDP (PDB: 5W8X) LpxB6S (PDB: 5W8N)

Data collection
Space group P 32 2 1 P 64 P 32 2 1 P 32 2 1
Cell dimensions
a, b, c (Å) 68.02, 68.02, 155.1 111.2, 111.2, 74.19 67.81, 67.81, 153.9 67.78, 67.78, 154.50
α, β, γ (°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120

Resolution (Å) 155.14–2.10 (2.16–2.10) 96.29–3.43 (3.71–3.43) 153.88–1.98 (2.03–1.98) 19.57–2.02 (2.07–2.02)
Rmerge 0.066 (0.997) 0.097 (1.926) 0.063 (1.272) 0.112 (1.686)
I / σI 13.5 (1.6) 21.6 (1.9) 13.2 (1) 14.2 (1.2)
Completeness (%) 99.4 (99.9) 100 (100) 99.1 (97.8) 99.6 (97.0)
Redundancy 3.5 (3.6) 10.4 (10.4) 4.1 (3.7) 6.5 (6.1)
Refinement
Resolution (Å) 55.07–2.10 (2.15–2.10) Not fully refined 54.86–1.98 (2.05–1.98) 19.57–2.02 (2.09–2.02)
No. reflections 24788 (1737) NA 26651 (2153) 27680 (2650)
Rwork / Rfree 0.1951/0.2226 (0.3344/

0.3789)
NA 0.1990/0.2309 (0.3512/

0.3278)
0.1872/0.2129 (0.3043/
0.3439)

No. non-hydrogen atoms 2953 NA 2964 3043
Protein 2,800 NA 2,817 2,859
Ligand/ion 3 NA 25 0
Water 150 NA 122 184

B-factors 45.6 NA 46.12 46.06
Protein 45.39 NA 46.06 45.80
Ligand/ion 51.25 NA 52.67
Water 49.44 NA 46.15 50.20

R.m.s. deviations
Bond lengths (Å) 0.003 NA 0.003 0.005
Bond angles (°) 0.507 NA 0.572 0.623

Statistics for highest resolution shell are shown in parentheses. Each data set corresponds to one crystal
NA, not applicable
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located in the disordered loop (residues 62–71), and
L72SL75SL76S (LLL), which is located in the following helix
(Fig. 2). Both triple mutants were active with detergent solubilized
substrates, but they showed significantly different activities
(Table 2): the specific activity of LpxBVVL was measured at
0.053% of wild-type while that of LpxBLLL was 0.0010% of wild
type (Table 2). The lower activity of the LLL mutant suggested
that this later group of residues is more important for substrate
binding. However, double mutants carrying any pair of L72S,
L75S, and L76S retained more activity than LpxBVVL with
LpxBL72SL75S showing the greatest decrease in activity (1.74% of
wild type versus ~ 1/3 of wild type for the other two) (Table 2).
These data support the hypothesis that the hydrophobicity of this
surface patch is required for extraction of lipid substrates from
detergent micelles as greater decrease in overall hydrophobicity,
rather than mutation of a specific residue, correlated with
decrease of activity (Table 2).

Activities of previously characterized mutants. Wild-type LpxB
and two mutants (N316A and R201A) made for this study have
been previously characterized by Metzger and Raetz10. However,
the reaction conditions utilized for comparison of specific activ-
ities in this study were quite different from those utilized

previously10. Most importantly, the substrate concentrations were
31 μM UDP-DAG and ~ 130 μM lipid X in this study (versus 600
and 400 μM in ref. 10), and reactions were run at ambient tem-
perature (~ 21 °C) in this study (versus 30 °C in ref. 10). Thus, the
specific activity of the wild type was much lower (~ 1,200-fold)
under the conditions of this study. However, the relative activities
were consistent: the specific activity of LpxBN316A was measured
at 0.34% of wild type here and at 0.1% previously, and the specific
activity of R201A was measured at 0.0051%, consistent with the
< 0.01% reported previously10 (Table 2). The comparatively high
activity of LpxBN316A is consistent with the observed environ-
ment of N316 in the crystal structure. Rather than being posi-
tioned to interact with the substrates, the N316 side chain
hydrogen-bonds with the backbone of residues 323 and 324, and
appears to stabilize the positioning of helix 15 (Fig. 4b).
LpxBF298EN316A (LpxBFN) showed further reduced activity
(0.0078% of wild-type) (Table 2). Similar to N316, F298 is from
the swapped C-terminal segment, and it makes cation-π stacking
in trans with the side chain of critical active site residue R201
(Figs 3c and 4a). However, differential scanning fluorimetry
(DSF) showed no significant difference in the melting tempera-
tures (Tm) of LpxBVVL, LpxBVVL-N316A, and LpxBVVL-
R201A, and LpxBVVL-F298EN316A had a Tm only 0.5 °C lower
than that of LpxBVVL (Supplementary Table 1). Therefore, the
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Fig. 2 Overall structure of LpxB. a The overall structure of LpxB7S shows that LpxB forms a dimer in which the C-terminus of one subunit completes the
fold of the opposite subunit. The polypeptides are exchanged at helix 14. Each domain forms a Rossmann-like fold with a parallel β-sheet surrounded by α-
helices. UDP is bound to the C-terminal domain showing the position of the UDP-binding pocket where the sugar donor substrate, UDP-DAG, binds. Lipid X
likely binds to the N-terminal domain which includes the predicted catalytic base D9810. LpxB appears to be in an open conformation. Catalysis may involve
partial closing of the cleft between the domains by a hinge-like movement of the N-terminal domain similar to conformational changes observed for
MurG38, PimA50, and other GT-B enzymes40. b Columbic surface rendering (blue for positive and red for negative) corresponding to the adjacent ribbons
in a. The surface near the dimer interface is highly basic and is likely involved in membrane association
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loss of activity in LpxBN316A and LpxBFN is not simply related
to protein unfolding.

The genetic complementation experiments generally support
the conclusions of the in vitro assays. The genomic copy of lpxB
was knocked out with a DNA fragment containing a kanamycin
resistance gene flanked by the 3′-end of lpxB and the region
upstream of the 5’-end in the presence of the wild-type, N316A,
or F298EN316A lpxB genes expressed from its own operon’s
promoter46 on a plasmid. In contrast, the knockout was not
obtained when the gene for LpxB6S, LpxB6S-R201A, or
LpxBR201A was substituted on the plasmid. These results suggest
that the hydrophobic patch (V66, V68, L69, L72, L75, and L76) is
essential for productive membrane association or substrate
binding. In addition, these results suggest there may be a greater
difference between the activity of LpxBFN and LpxBR201A under
physiological conditions than what was observed by UDP-release
assays, wherein the specific activities were not significantly
different (Table 2). These results appear to be consistent with
TLC-based assays: LpxBFN produced a detectable amount of lipid

A disaccharide after 3 h (Supplementary Fig. 4), but the lipid A
disaccharide band in LpxBR201A reactions only became
unambiguous when the reactions were run overnight (Supple-
mentary Fig. 3). Regardless, the cause of this incongruity between
the genetic complementation experiments and the specific
activities is unclear.

Oligomerization of LpxB in solution. Determination of the
oligomeric state of LpxB in solution has been hampered by the
tendency of LpxB to form large, soluble aggregates. These
aggregates are visible on a size-exclusion chromatogram (Sup-
plementary Fig. 1), and this aggregated state was described as an
apparent octamer that could be broken into an apparent dimer
with n-Dodecyl-β-D-Maltopyranoside (DDM) detergent by
Metzger and Raetz10. The elongated shape of LpxB further hin-
ders the ability of size exclusion to distinguish between the
monomer and dimer. In spite of this, analytical ultracentrifuga-
tion supported dimerization giving a size between 71 (right wells)
and 79 kDa (left wells) (Supplementary Fig. 5). The total dataset
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did not converge, but the χ2-residuals were minimized when the
highest speed right well was excluded giving a mass of 78.9 kDa,
which is most consistent with the expected 84.5 kDa dimer.

To functionally validate the C-terminal swap model, 6His-
LpxBR201A was co-expressed with LpxBN316A or LpxBFN,
which carry mutations in the C-terminus. We hypothesized that
the formation of an intact active site via C-terminal swap of the
R201A mutant with one of these other mutants would result in
increased activity in the co-purified protein if the second mutant
were much less active than the wild type and if the expression
levels of the mutants were approximately equal. The ability of
His-tagged LpxBR201A to pull down more active LpxBN316A in
the presence of 0.2–2% Triton X-100 supports the formation of a
stable oligomer (Supplementary Fig. 4). In addition, we mixed
purified LpxBR201A with purified LpxBN316A or LpxBFN.
However, combining 50% LpxBR201A with 50% LpxBN316A
decreased the specific activity by approximately half indicating
that the extent of heterodimer formation was not sufficient to
overcome the initial ~ 50% dilution in activity (Table 2). As these
LpxB mutants lost activity when left overnight at 4 °C (data not
shown), dimerization could not be allowed to reach equilibrium;
therefore, the change in activity depends on the kinetics of
subunit exchange as well as the difference in activity of mutant
and intact active sites. Hence, the failure of 50% LpxBN316A with
50% LpxBR201A to show increased activity over 100%
LpxBN316A likely reflects slow dimer exchange since the activity
of LpxBN316A was measured well below 25% of wild type
(Table 2). In order to obtain a sufficiently impaired mutant to
observe an increase in activity upon sub-equilibrium dimer
exchange, a second mutation was made in the swapped C-
terminus (F298E) producing LpxBFN as discussed above. The
F298E mutation was selected based on the hypothesis that
R201 stabilizes the negative charge of the UDP leaving group
during catalysis10. As F298 already forms a cation-π interaction
with R201, E298 is hypothesized to form a salt-bridge with R201
thereby balancing this critical positive charge and altering the
conformation of R201 from that required for catalysis. When 50%
LpxBR201A was combined with 50% LpxBFN, the sample
showed significantly more activity than freshly thawed 100%
LpxBFN (Table 2). Increased activity was also observed with 63,

76, 85, and 92.7% LpxBR201A, and this activity decreased with
increasing LpxBR201A concentration (Table 2). These data
support the C-terminal swap model because the C-terminal swap
would form one intact active site per R201A-F298EN316A dimer.
A R201A-F298EN316A heterodimer with one intact active site
would be expected to produce more activity than an LpxBFN
homodimer because LpxBFN has only 0.0078% of wild-type
activity (Table 2). Since minimal loss of protein stability was
associated with the F298EN316A mutations (Supplementary
Table 1), this increase in activity is consistent with the formation
of C-terminally swapped heterodimers.

Discussion
The tertiary structure of LpxB is similar to many previously
characterized GT-B enzymes23,38,43,45,47,48; however, LpxB has a
unique quaternary structure wherein the protein fold is com-
pleted by the last 87 residues of the opposite subunit in the dimer.
This C-terminal swap has not been observed before in this pro-
tein superfamily, but a sialyltransferase from this superfamily
involved in LPS synthesis in Neisseria meningitidis shows a dis-
tinct N-terminal swap of the first 130 residues45. These unique
domain arrangements likely contribute to the stability of the
enzyme dimer and may potentially help coordinate activities
between the two molecules.

LpxB utilizes similar active site residues as previously char-
acterized GT-B enzymes (Table 3), in particular MurG38 (18%
overall sequence identity) (Supplementary Fig. 6). The most
conserved binding motif is the use of Glu (LpxB E281) to
hydrogen-bond with the 2′- and 3′-hydroxyls of the ribose of the
sugar donor substrate. In addition, S17, which was shown to be
important for LpxB activity10, is positioned similarly to the cri-
tical residue T16 in MurG38. Finally, although the predicted
catalytic base of LpxB (D98)10 is not close in primary sequence to
that of MurG (H19)38, the side chains of these residues are close
in space when the structures are overlaid49 (Fig. 5a).

However, there are also important differences between the
sugar donor binding site of LpxB and MurG. LpxB T277 appears
to correspond to T266 in MurG, but T277 hydrogen-bonds with
the β-phosphate, whereas T266 hydrogen-bonds with the α-
phosphate38. Conversely, MurG S192 and LpxB S200 hydrogen-

Table 2 LpxB-specific activities

LpxB Specific activity± SE (μmolmin−1 μmol−1) 95% Confidence interval Percent of wild type

Wild-type 6.17± 5.3*10−1 4.99 to 7.34 100
L72SL75S 1.08*10−1± 2.3*10−2 5.62*10−2 to 1.59*10−1 1.74
L72SL76 S 1.99± 3.3*10−1 1.21 to 2.76 32.2
L75SL76S 1.89± 2.3*10−1 1.35 to 2.42 30.6
V66SV68SL69S (VVL) 3.26*10−3± 5.5*10−4 2.02*10−3 to 4.49*10−3 5.28*10−2

L72SL75SL76S (LLL) 6.34*10−5 ± 1.04*10−5 4.03*10−5 to 8.66*10−5 1.03*10−3

6S Below detection limit ND ND
N316A (NA) 2.11*10−2± 1.5*10−3 1.78*10−2 to 2.45*10−2 3.42*10−1

F298AN316A (FN) 4.80*10−4± 6.2*10−5 3.33*10−4 to 6.28*10−4 7.79*10−3

R201A (RA) 3.16*10−4± 2.3*10−5 2.66*10−4 to 3.66*10−4 5.12*10−3

FN + RA (50% FN) 1.06*10−2± 9*10−4 8.50*10−3 to 1.27*10−2 1.72*10−1

FN + RA (37% FN) 3.63*10−3± 3.7*10−4 2.76*10−3 to 4.50*10−3 5.89*10−2

FN + RA (24% FN) 2.91*10−3± 1.6*10−4 2.55*10−3 to 3.27*10−3 4.71*10−2

FN + RA (15% FN) 2.35*10−3± 2.6*10−4 1.74*10−3 to 2.95*10−3 3.81*10−2

FN + RA (7.3% FN) 1.03*10−3± 1.5*10−4 6.70*10−4 to 1.38*10−3 1.66*10−2

NA + RA1:1 1.06*10−2± 1.3*10−3 7.56*10−3 to 1.35*10−2 1.71*10−1

Wild-type (NDSB-201) 3.42± 6.0*10−1 1.994 to 4.84 55.4
6S (NDSB-201) Below detection limit ND ND

Reactions were performed in triplicate with 1 nM to 10 μM LpxB (as appropriate per variant), 31 μM UDP-DAG, ~ 0.13 mM lipid X, 1 mgml−1 BSA, 0.1M Tris-HCl pH 8.0, and 0.1% Triton X-100 at ambient
temperature (21 °C). Reactions were quenched and UDP was quantified using a UDP-Glo Glycosyltransferase Assay kit (Promega), which quantifies free UDP by a luciferase coupled reaction. Specific
activities with standard errors and 95% confidence intervals were calculated by linear regression of UDP concentrations at three or four time points for each LpxB variant in Graphpad Prism v7.03
ND, insufficient data
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bond with the β- and α-phosphates, respectively. MurG S192 is
part of a conserved GGS loop38 while S200 is part of a conserved
PGSR loop that also includes the essential residue R20110.
Binding of the uracil moiety similarly shows variations between
the enzymes: LpxB G261 is positioned similarly to MurG I245,
which hydrogen bonds uracil N3 and O4 via its backbone amide
nitrogen and carbonyl38, but the amide of LpxB G261 hydrogen
bonds to uracil O2 via an intervening water. In LpxB, uracil N3
and O4 are hydrogen-bound by the backbone amides of P231,
G199, and a water bound to the V233 and G199 amides. In
MurG, the uracil O2 is bound by R164, a residue in the first linker
between the N- and C-terminal domains38. Finally, MurG Q288,
Q289, and N128 contact the 3′- and 4′-hydroxyls of GlcNAc;
however, the corresponding helix is involved in the beginning of
the C-terminal swap in LpxB and is thus not positioned to contact
a glucosamine bound to UDP. These structural differences sug-
gest that LpxB also has a distinct mode of binding for the glu-
cosamine moiety of the natural substrate, UDP-DAG. The β-
hydroxy-myristoyl moieties on the 2′-amine and 3′-hydroxyl of
the glucosamine in UDP-DAG, likely have key roles in substrate
binding. This may explain some of the differences in binding
modes of the LpxB and MurG structures.

LpxB in our crystal structure appears to be in an open con-
formation. As observed for MurG38,39, PimA48,50, and other GT-
B enzymes40, the active site cleft of LpxB probably closes during
productive substrate binding to bring the substrates into the
correct conformation for nucleophilic attack by the lipid X 6′-

hydroxyl on the anomeric carbon of UDP-DAG. In MurG, this
involves a ~ 10° change in the relative positions of the globular
domains with the linker region acting as the hinge38. Although
the intertwined dimerization mode may limit the movement of
the C-terminal domain of LpxB, the contacts between the N-
terminal domain and the adjacent C-terminal domain are more
limited, consisting of salt bridges between R129 and E331 and
between R132 and E330 and a hydrogen-bond between W128
and E330 (Fig. 4c). Therefore, a similar hinge-like movement of
the N-terminal domain may be possible. A large conformational
change associated with hydrolytic removal of UMP from UDP-
DAG was observed for LpxI, an enzyme that generates lipid X in a
subset of Gram-negative bacteria25,26. Thus, further studies are
needed to capture different structural states of LpxB to fully
understand its catalytic mechanism.

Previous structural studies of E. coli MurG revealed the pre-
sence of a surface-exposed hydrophobic patch (I75, L79, F82,
W85, and W116) surrounded by a basic horseshoe (K69, K72,
R80, R86, R89, and K140)39. As mentioned above, the compar-
ison of MurG to a homology model37 of LpxB enabled the pre-
diction of the LpxB hydrophobic patch. These residues form a
similar hydrophobic and basic face in the two proteins; however,
the exact positions of the residues is not well conserved (Fig. 5c).
PimA, which is a retaining glycosyltransferase that transfers
mannose to phosphatidylinositol (16% identity to LpxB), also has
a similar hydrophobic and basic face48 (Fig. 5c). One particularly
similar feature is the flexible loop containing predicted

S200

R201

F298

Helix 15

Helix 14
Helix 15

Helix 14

N316

L323
F298

R201 V324

Helix 15

N316

E330
R132

E331
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R201
F298

W128

3.6Å
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3.4Å
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2.8Å
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Fig. 4 Interactions that stabilize the dimeric structure. a Position of F298 in relation to the critical residue R201. These residues appear to be engaged in a
cation–π stacking interaction with a distance of 3.6 Å between ηN1 and ζC, a distance of 3.5 Å between ηN2 and εC1, and a distance of 3.6 Å between εN
and δC2. However, the R201 side chain is not fully resolved in the electron density (Fig. 2). The position of helix 15, which contains N316 is also visible. b
Position of N316 relative to the crossover helix (helix 14), showing how N316 appears to stabilize the turn from helix 15 to the final strand of the C-terminal
β-sheet (strand 13). N316 hydrogen-bonds with the backbone of residues 323 and 324. The interaction distances in angstroms are as follows: N316 δO to
L323 N (2.8), N316 δO to V324 N (2.8), and N316 δN to V324 O (2.9). c Interactions between the N-terminal domain and the adjacent C-terminal domain.
R129 forms a salt-bridge with E331 (3.5 Å between ηN1 and εO2). E330 forms a salt-bridge with R132 (3.4 Å between εO1 and ηN2) and a hydrogen-bond
with W128 (3.0 Å between εO1 and εN)
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membrane-binding hydrophobic residues followed by an
amphipathic helix with a highly basic N-terminal end (Fig. 5b). In
PimA, the flexible loop includes residues 59–70, and the following
surface-exposed basic residues are H76, R77, K78, K80, and
K8148. In LpxB, the disordered loop is residues 62–71 and the
basic residues are R73, R74, H77, K84, and R85 (Supplementary
Fig. 7). Deletion of the loop or mutation of the basic residues to
Ser prevented catalysis by PimA48. Likewise, mutation of
hydrophobic residues in this region of LpxB decreased the activity
of LpxB. In PimA, the relevance of this helix to membrane
association was further demonstrated by Förster resonance
energy transfer between W82 in the helix and fluorescently
labeled lipids in small unilamellar vesicles and by blue-shifting of
the fluorescence emission of W82 upon association with vesi-
cles51. These data showed that the amphipathic helix associates
with vesicles containing negatively charged lipids, in particular
the acceptor substrate, phosphatidylinositol51. The membrane-
association role of the amphipathic helix is likely conserved in
LpxB40. Although we found LpxB6S to be inactive toward lipids
in mixed micelles, the soluble enzyme remained catalytically
competent when the substrates were solubilized with non-
detergent sulfobetaine 201. In addition, the mutated versions of
PimA and LpxB were still able to bind the nucleotide of their
sugar-donor substrates48. Therefore, the data support the
hypothesis that membrane surface-active GT-B enzymes require
surface-exposed hydrophobic and basic residues to extract their
lipid substrates from the membrane40,51.

The distance (~ 15 Å) of the predicted catalytic base (D98)
from the putative membrane-binding region (loop 62–71 and
helix 4) suggests that LpxB mostly or fully extracts its lipid sub-
strates from the membrane. The preceding enzyme, LpxH, and its
alternative, LpxI, were observed to fully bind their sub-
strates20,21,25. In contrast, the following enzyme in the pathway,
LpxK, was observed to primarily bind lipid head groups with the
hydrocarbon tails disordered and extending into solvent52.
Regardless, LpxB, LpxH, and LpxK do not exhibit strong selec-
tivity for chain length19,53. LpxB can even utilize lipid X deriva-
tives with a single chain or a third chain attached to the hydroxyl
of the 2′-β-hydroxymyristate, albeit with two to three orders of
magnitude less activity than for lipid X54,55. Thus, the presence of
the acyl chains may help the substrates orient productively in the
active site of LpxB, but the substrates probably are not subjected
to molecular ruler binding as observed in LpxA17 and LpxD19.

Molecular docking56 was utilized to generate plausible models
for the binding of the natural donor substrate of LpxB, UDP-
DAG (Fig. 6). The models are largely consistent with the observed
position of UDP in the crystal structure (Fig. 6). In both models
shown, the lipid tails extend toward a hydrophobic groove lined
by V125, W126, and W128; in addition, the anomeric carbon is
exposed for nucleophilic attack from above and towards the N-
terminal domain in both models. This suggests that lipid X binds
second and on top of UDP-DAG, possibly with its lipid tails

extending farther along the hydrophobic groove, which would
explain why we were unable to obtain a plausible docking model
for lipid X binding. However, the top ranked model (1 of 9)
(Fig. 6a) places the anomeric carbon 8.8 Å from the predicted
catalytic base (D98). A hinge-like movement of the N-terminal
domain might position D98 to accept a proton from the
nucleophilic 6′-hydroxyl of lipid X. On the other hand, a lower
ranked model (7 of 9) (Fig. 6b) places the anomeric carbon 5.4 Å
from D98, which should allow D98 to accept a proton from the
attacking hydroxyl with minimal movement of the domain.

In summary, we have solved the structure of LpxB, revealing a
new twist on the conserved GT-B fold wherein LpxB forms a
dimer with the C-terminus of one subunit completing the fold of
the second subunit. Soaking with UDP-GlcNAc revealed the
location of the nucleotide-binding region of the active site and
explained the role of previously identified conserved residues that
are important for activity10. Furthermore, our activity assays of
solubilized forms of LpxB helped to provide more insight into the
mode of membrane association of surface-active membrane
proteins such as LpxB, PimA, and MurG. This structure should
aid in the rational and computational development of new anti-
biotics targeting LpxB to combat the increasing problem of
antibiotic resistance.

Methods
Cloning and purification of LpxB. The lpxB coding sequence was amplified from
E. coli BL21 cells with Phusion DNA polymerase (NEB) using the forward and
reverse primers carrying BsaI (NEB) and XbaI (NEB) restriction sites, respectively.
The lpxB coding sequence was inserted into pE-SUMO expression vector (Life-
Sensors) to attach an N-terminally His-tagged SUMO to the N-terminus of LpxB.
Following purification, the His-tagged SUMO was removed by proteolytic cleavage
with the SUMO protease Ulp1. Alternatively for co-expression and purification of
two mutants of LpxB, lpxB genes were inserted into pRSF-Duet-1 (Novagen) at the
EcoRI (TaKaRa) and HindIII (NEB) sites of MCS1 and at the NdeI (NEB) and
KpnI (NEB) sites of MCS2, thus encoding one N-terminally His-tagged protein
and one untagged protein.

BL21 (DE3) cells (Lucigen) were used to express LpxB: transformed cells were
grown in Miller’s Luria Broth (RPI) to an OD600 0.5–0.9 at 37 °C and then were
cooled to 18 °C and induced with 1 mM isopropyl-β-D-1-thiogalactopyranoside
(IPTG) (GoldBio) overnight. For producing selenomethionine derivative proteins,
the cells were grown in M9 media, and methionine synthesis was inhibited by
addition of an amino acid cocktail in addition to 50–75 mg l−1 selenomethionine
(Chem-Impex Int’l) 15 min before induction with IPTG57. Cells were pelleted at
4,540 × g (4 °C) for 25 min (Beckman J6-MI, JS-4.2) and then resuspended in lysis
buffer (0.5 M NaCl (Fisher), 50 mM Tris-HCl (Fisher) pH 7.4, 10% glycerol (v/v)
(Fisher), 5–10 mM β-mercaptoethanol (EMD Millipore)). Cells were lysed via
sonication with a Branson Sonifier 450 (50% duty cycle, output 5, 6 min in three 2
min internals) while on ice. For cells expressing SUMOylated wild-type LpxB, 1%
DDM (w/v) (Anatrace D310) was added to lysate and mixed for 1 h (4 °C) to
solubilize SUMO-LpxB. Lysate was centrifuged at 63,988 × g (4 °C) for 45 min
(Beckman Avanti J-25 I, JA-25.50) to remove cell debris. Supernatant was batch
bound for 1 h (4 °C) to HisPur Ni-NTA resin (Thermo) from 4 to 5 ml of slurry
that had been equilibrated with 20 ml lysis buffer with 10 mM imidazole (Chem-
Impex Int’l). Resin was collected with a gravity-flow column (room temperature)
and washed with ice cold lysis buffer with 25 mM (50 ml) and 40 mM (15 ml)
imidazole. SUMO-LpxB was eluted from the column with 15 ml lysis buffer with
250 mM imidazole. After addition of Ulp1, the elutant was dialyzed against 500 ml
storage buffer (0.3 M NaCl, 20 mM Tris-HCl pH 7.4, 5% glycerol, 5–10 mM

Table 3 Comparison of GT-B active sites

Enzyme PDB Inverting/ retaining Catalytic base Pyrophosphate Pyro phos. Ribose

LpxB 5W8X I E15 S17 D98 P198 G199 S200 R201 T277 E281
MurG 1NLM I NA T16 H19 G190 G191 S192 NA T266 E269
Δ24PmST1 2IHZ I NA S36 D141 NA NA NA NA NA E338
MshA 3C4V R NA NA NA NA NA NA NA NA E324
NST 2YK7 I NA NA D258 NA NA S322 NA NA E300
PimA 2GEJ R Y9 NA NA NA NA NA R196 NA E282
WaaA 2XCU I NA NA E31 NA NA NA R212 NA E276

Residues shown are those found to be analogous to LpxB active site residues by comparison of listed crystal structures
NA, not applicable, indicates that an analogous residue could not be unambiguously assigned
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dithiothreitol (GoldBio), (0.05% DDM for wild-type LpxB)) overnight (4 °C) in 3.5
kDa cutoff tubing (Spectra/Por). Cleaved SUMO-LpxB was run back through the
Ni-NTA column to remove His-tagged SUMO.

LpxB was concentrated with a 30 kDa cutoff centrifugal filter (Amicon). LpxB
was then further purified via size exclusion chromatography on a Superdex 200
column (GE Healthcare) equilibrated in storage buffer. Poorly expressing wild-type
LpxB was run through a 10/300 GL column. Mutant forms of LpxB with improved
expression (described in “Crystallization of LpxB”) were run through a HiLoad 26/
60 prep grade column. One or 2 ml fractions were collected, respectively. LpxB
fractions were concentrated to 10 mgml−1, as measured by A280 (ε = 32,805M−1

cm−1) (Nanodrop 8000 (Thermo)), for robotic crystal screening.

Protein mass spectrometry. The identity of purified LpxB was confirmed via
liquid chromatography tandem mass spectrometry. Samples of soluble LpxB
(LpxB6S described in “Crystallization of LpxB”) were submitted to Novatia
(Newtown, PA). Mass/charge peaks for the expected LpxB6S molecular weight and
what appears to be a cysteinylated form of LpxB6S were observed (Supplementary
Fig. 8).

Crystallization of LpxB. Extensive sitting drop (200 nl) robotic screening (Rigaku)
of wild-type LpxB revealed no successful crystallization conditions. Thus, we
sought to form a cystallizable mutant of LpxB. We reasoned that the DDM micelles
required to solubilize wild-type LpxB may interfere with crystal packing, so we

sought to create a soluble form of LpxB. A homology model of LpxB was produced
via the Phyre2 server using UDP-N-acetylglucosamine 2-epimerase from T. ther-
mophilus HB8 (PDB: 1V4V) for sequence threading37. Comparison of the LpxB
model with the crystal structures of MurG (PDB: 1F0K and 1NLM)38,39, another
inverting glycosyltransferase (18% identity), allowed us to identify a putative
surface-exposed hydrophobic patch (V66, V68, L69, L72, L75, and L76).

Each of these residues was mutated to Ser using the Stratagene QuickChange
protocol (Pfu Turbo polymerase (Agilent), DpnI (NEB)), and the expression and
behavior on a size exclusion column of various combinations of these mutations
was tested (Supplementary Fig. 1). The fully mutated form of the enzyme (LpxB6S)
appeared least prone to aggregation and was selected for further robotic crystal
screening. Bipyramidal and hexagonal rod-shaped LpxB6S crystals grew in several
conditions. The best condition (0.8 M LiCl, 32% PEG 4000, 0.1 M Tris pH 8.5)
(MCSG-1 C9 Microlytic) was optimized in 2 μl hanging drops over 500 μl well
solution with 1:1 8 mgml−1 LpxB6S and well solution. The optimized condition for
LpxB6S crystallization was 0.6–0.8 M LiCl (MP Biomedicals), 35–40% PEG 4000
(Hampton Research, HR2–529), 0.1 M Tris-HCl pH 8.6. This condition led to the
formation of both crystal forms in the same drop. Unfortunately, the bipyramidal
crystals that diffracted to higher resolution were much rarer than the hexagonal
rods. Additive screening (HR2-428 Hampton Research) showed that 10 mM
trimethyl-ammonium chloride in the hanging drop, but not in the well solution,
selected for the formation of bipyramidal crystals.

H19
D98

S72 S76

S75

W82

PimA

LpxB

MurG

a b

c

Fig. 5 Membrane association. a Overlay of the N-terminal domains of LpxB7S (purple) with MurG (grey) (PDB: 1F0K)39 and PimA (orange) (PDB:2GEJ)48.
The catalytic bases of LpxB and MurG, D98 and H19, respectively, are also shown. b Region of the LpxB-PimA membrane-binding face of particular interest.
Deletion of the hydrophobic, flexible loop or mutation of basic residues in this helix to Ser inactivated PimA48, and mutation of hydrophobic residues in this
loop and helix to Ser (visible residues highlighted) decreased LpxB activity. In addition, W82 in the PimA helix was shown to interact with negatively
charged lipid membranes51. c Side-by-side comparison of the 3 proteins, showing residues that may be important for defining the membrane association
surface. While the specific residues are not well conserved, they appear to form a similar hydrophobic and basic surface in all three enzymes. The regions
of LpxB and PimA shown in b are boxed
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Although native LpxB6S bipyramidal crystals diffracted beyond 2.4 Å (Table 1),
selenomethionine (Sem) derivative LpxB6S crystals that diffracted well enough for
phasing by single-wavelength anomalous diffraction could not be grown. E. coli
LpxB has 13 Met, more than adequate for phasing a 42 kDa protein. We
hypothesized that one or more of these methionines was interfering with
crystallization in the Sem derivative, possibly by being surface exposed and
decreasing protein solubility. Thus, we further utilized the Phyre2 homology model
of LpxB to predict possible culprits. Three Met residues were identified and
mutated to Ser; however, only M207S preserved the stability of LpxB6S as judged
by size exclusion chromatography (Supplementary Fig. 1). M46S and M295S
increased protein aggregation. Thus, the Sem derivative of LpxB6SM207S (LpxB7S)
was selected for further crystal screening. Hexagonal rod crystals of the LpxB7S
Sem derivative that diffracted to 3.43 Å (Table 1) were obtained in a 2 μl drop of 8
mgml−1 LpxB7S (0.9 μl), well solution (0.9 μl), and 0.2 μl of 100 mM trimethyl-
ammonium chloride (Acros Organics) hanging over 500 μl 28% PEG 4000, 0.35 M

LiBr (Sigma-Aldrich), and 0.1 M Tris-HCl pH 8.6. Switching from LiCl to LiBr was
essential for obtaining harvestable LpxB7S Sem derivative crystals.

Diffraction data collection and model building. All data sets used for model
building and refinement were collected at the Advanced Photon Source at Argonne
National Lab on beamlines 24-ID-C and 24-ID-E at 100 K and 0.979 Å. The data
were indexed, integrated, and scaled by the Rapid Automated Processing of Data
beamline software (XDS58 and CCP459) or in HKL200060 (Table 1). The PHENIX
program suite was utilized for initial phasing, model building, and refinement61.
Manual model building and further refinement were performed in Coot62 and
PHENIX Refine.

The selenomethionine anomalous diffraction data were used to calculate the
initial phases and to build a crude model: AutoSol found 11 Se sites with a figure of
merit of 0.348 in space group P64 and built 201 residues in 16 fragments with an R-
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Fig. 6 Molecular docking model of UDP-DAG binding. UDP-DAG (tan carbons) was docked into the LpxB active site cleft with AutoDock Vina56. The
software correctly identified the nucleotide-binding site overlaying reasonably well with the position of UDP (gray carbons) observed in the crystal
structure. The lipid tails were predicted to extend toward a hydrophobic groove lined by V125, W126, and W128. The break in the chain corresponding to
the disordered loop is circled. a The top ranked model places the anomeric carbon 8.8 Å from the predicted catalytic base, D98. b A lower ranked model
(seven of nine) places the anomeric carbon 5.4 Å from D98, which would require less movement of the protein in order to correctly orient D98 and the 6′-
hydroxyl of lipid X for proton transfer and nucleophilic attack on the anomeric carbon
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work of 0.3786 and an R-free of 0.4692. Once the R-free of this model dropped
below 0.4, this model was used as a molecular replacement model to phase the
higher resolution native data in PHENIX Phaser. Sixteen fragments totaling 324
residues were built automatically in PHENIX AutoBuild in space group P3221 with
an R-Work of 0.2930 and an R-Free of 0.3775. The rest of the structure was built
manually in Coot with iterative refinement in PHENIX Refine. In the higher
resolution crystal form, there is one LpxB molecule in the asymmetric unit. Three
structures were refined. The apo LpxB6S (PDB: 5W8N) structure was refined with
Ramachandran statistics of 99.18% favored, 0.55% allowed, and 0.27% outliers. The
apo LpxB7S structure (PDB: 5W8S) was refined with 98.63% favored, 1.10%
allowed, and 0.27% outliers. The UDP-bound LpxB7S structure (PBD: 5W8X) was
refined with 98.34% favored, 1.10% allowed, and 0.55% outliers.

Analytical ultracentrifugation. Samples of LpxB6S were submitted to the Spec-
troscopy and Biophysics Core at University of Nebraska-Lincoln for analytical
ultracentrifugation. LpxB6S (120 μl at 1.0, 0.5, and 0.25 mgml−1) was centrifuged at
5,000, 7,000, 9,000, 12,000, or 16,000 r.p.m. (2,016, 3,951, 6,532, 11,612, or
20,644 × g) for 10 h in a ProteomeLab XL-A ultracentrifuge (Beckman) and
absorbance was measured at 280 nm. Only the 1 mgml−1 protein produced usable
data. The experiment was run in triplicate, but the middle wells contained an
absorbance spike, and these wells were excluded from modeling. A solvent density
of 1.0 g ml−1 and a protein partial specific volume of 0.73 ml g−1 were utilized for
modeling the protein mass.

Enzymatic assays. Genetic knockout/complementation assays of LpxB were
performed in the BW25113/pKD46 strain of E. coli containing Lambda Red
recombinase under L-arabinose induction. The cells were made chemically com-
petent63 and transformed with a pACYC-Duet plasmid (Novagen) containing the
genes for wild-type lpxB, lpxBR201A, lpxBN316A, lpxBF298EN316A, lpxB6S, or
lpxB6SR201A. The plasmids contained the wild-type promoter for lpxB operon
(104 bp upstream of the fabZ start codon) (Operon Database v346) ligated into the
BamHI (NEB) and EcoRI sites and the lpxB genes ligated into the EcoRI and
HindIII sites of MCS1. For experiments testing the ability of different mutants to
complement each other by C-terminal swapped dimerization, a second lpxB gene
was ligated into the NdeI and KpnI sites of MCS2. These strains were then grown in
the presence of 1 mM L-arabinose (GeneMate), 100 mg/L ampicillin (Cayman
Chemical Company), and 30 mg l−1 chloramphenicol (Sigma), made chemically
competent63, and transformed with a DNA fragment containing a kanamycin
resistance gene flanked by 50 bp upstream of lpxB and the last 24 bp of lpxB
followed by 51 more basepairs downstream. Chloramphenicol (30 mg l−1), carbe-
nicilin (GoldBio) (100 mg l−1), and L-arabinose (1 mM) were also included in the
growth step of transformation, which was extended to 3 h. Knockout strains were
selected on Miller LB agar (BD Difco) plates with 40 mg l−1 kanamycin (Teknova).

In vitro enzymatic assays were performed with various soluble and membrane-
associated mutants of LpxB and with lipid X and UDP-DAG purified from Ni-
NTA purified wild-type and D225A CcLpxI25, respectively. For enzymatic assays,
insoluble versions of LpxB were purified using Triton X-100 (Acros) instead of
DDM (2% for solubilization, 0.2% for Ni-affinity column, and 0.1% for size
exclusion). LpxI was expressed in C41 DE3 E. coli (Lucigen) and purified as for
soluble LpxB except that the LpxI lysis buffer was 50 mM NaCl and 20 mM
HEPES-NaOH pH 8.0. Eluted protein was then concentrated in 10 kDa cutoff
centrifugal filters (Amicon). Wild-type LpxI was dialized against 500 ml LpxI lysis
buffer, and LpxID225A was dialyzed against 50 mM NaCl and 20 mM Bis-Tris
(Sigma) pH 6.0. LpxI precipitated during dialysis, but the substrates remained
bound. Two volumes of methanol (Fisher) were added to the dialyzed protein,
which was vortexed and then centrifuged at 3,000 × g (4 °C) for 30 min (Eppendorf
5702 R) to remove precipitate. For UDP-DAG the supernatant was concentrated in
a Savant ISS110 SpeedVac (Thermo) set on medium (43 °C), and no further
purification was performed. For lipid X, the supernatant was adjusted to pH 2 with
HCl (Fisher) and dichloromethane (Sigma-Aldrich) (volume equal to methanol
volume) was combined with the supernatant in a separatory funnel. Lipid X was
extracted into the lower (CH2Cl2) phase, which was collected and then evaporated
under vacuum. Lipid X residue was suspended in LpxI lysis buffer. The identities of
the purified lipids were confirmed by mass spectrometry with an Agilent 1100 LC/
MSD TOF mass spectrometer (G1969A) (Supplementary Fig. 9).

For TLC-based assays, substrates and enzyme were diluted into 2 × reaction
buffer (40 mM Tris-HCl pH 7.8, 0.1% (w/v) Triton X-100, and 1 mgml−1 bovine
serum albumin (BSA) (Sigma)) unless otherwise noted, and 10 μl reactions were
run at
30 °C (Bio-Rad DNAEngine). UDP-DAG was used at 0.11 mM (as measured by
UDP A260 (Nanodrop 8000) with ε ~ 9.9 mM−1 cm−1), and lipid X was used
at ~ 0.13 mM as determined by lipid X depletion after reaction with 0.13 mM UDP-
DAG. LpxB was used at 0.5 mg ml−1, and the final pH was adjusted to 8 with 100
mM Tris-HCl pH 8.0. Reactions were quenched by spotting on HPTLC Silica gel
60 plates (EMD Millipore). Once dry (~ 1 h after spotting), TLC plates were run
with 25/15/4/2 chloroform (Macron)/methanol/water/acetic acid (Fisher) (v/v/v/v).
TLC plates were then allowed to dry at least one hour before they were sprayed
with 20% sulfuric acid (Sigma-Aldrich) in ethanol (Decon) and charred with a
Dual-Temp Heat Gun (Genesis) set on high (538 °C). The reactants and lipid A
disaccharide product appeared as darker bands. In addition, fluorescent (F254) TLC

Silica gel 60 plates (EMD Millipore) allowed the visualization of UDP-DAG as a
fluorescent shadow by UV transmission (Bio-Rad Gel Doc EZ Imager) before
charring.

Semi-quantitative comparisons of the relative activities of LpxB mutants were
generated by performing the TLC analysis for reactions run for various times.
Reactions were judged to have reached completion when the product was visible
and the limiting reagent (UDP-DAG) was no longer visible. The maximum time
when the reactions were not complete and the minimum time when the reactions
were complete are presented as ranges (Supplementary Table 2). In addition, the
amount of the lipids present on each plate could be compared by analyzing band
intensity in ImageJ64. TLC plate charring is an established methodology for lipid
quantification though absolute quantification requires standard curves of the lipids
on interest to be run on the same plate as the samples65,66. The positive correlation
between lipid amount and band intensity was confirmed for this study by running
different amounts of UDP-DAG and lipid X and by reacting different amount of
these reactants to completion with wild-type LpxB (Supplementary Fig. 10). The
correlation was found to be positive and linear (Supplementary Fig. 10C and F).

Although TLC-based assays have the benefit of visualizing the product of
interest, they require standard curves for quantification. Thus, to produce more
quantitative comparisons of LpxB activity, UDP release was quantified using a
UDP-Glo Glycosyltransferase Assay kit (Promega) as described by the
manufacture. A twofold UDP (Promega) dilution series was prepared in 0.1 M
Tris-HCl pH 8.0, 0.1% (w/v) Triton X-100, and 1 mgml−1 BSA. Reactions (10 μl)
were run under these buffering conditions with 31 μM UDP-DAG, ~0.13 mM lipid
X, and 1 nM to 10 μM LpxB at ambient temperature (~ 21 °C) in a white 384-well
plate (Greiner Bio-One 781,074). LpxB reactions were quenched with 10 μl UDP
Detection Reagent (Promega) and the plate was shaken 30 s at 1,440 r.p.m. (1 mm
amplitude) with a Spark 10M plate reader (Tecan). The luciferase coupled reaction
was placed at ambient temperature for 1 h. The resulting luminescence was then
measured at 555 nm with the Spark 10M using the TR-FRET setting: 900 nm
excitation, 100 μs lag time between excitation and reading, 2 ms integration of 555
nm emission, and 200 reads averaged together. Luminescence was converted to
UDP concentration with concurrently run UDP standard curves prepared with 10
μl aliquots from the UDP dilution series and 10 μl UDP Detection Reagent.
Reactions without LpxB served as a negative control: UDP detected at or below the
concentration in these samples was assumed to result from UDP-DAG hydrolysis
rather than formation of lipid A disaccharide. Of note, the UDP concentration of
negative controls only measured significantly above 0 in overnight reactions, and
never measured above 0.5 μM. Reactions and standard curve samples were
prepared in triplicate. Reactions were quenched at various time points to obtain at
least 3 time points per LpxB variant within the early, linear product accumulation
range of the reactions. Specific activities with standard errors and 95% confidence
intervals were obtained by linear regression analysis of these data in Graphpad
Prism v7.03.

Differential scanning fluorimetry. DSF was performed with SYPRO Orange (Life
Technologies) and soluble versions of LpxB diluted into soluble LpxB storage
buffer to final concentrations of 80 × SYPRO Orange (1.6% dimethyl sulfoxide)
and 0.8 mgml−1 LpxB. Aliquots (40 μl) were heated from 20 to 95 °C on a C1000
Touch Thermal Cycler and fluorescence was measured with the FRET channel of a
CFX96 Real-Time System (Bio-Rad). The step size of the temperature ramp was
0.5 °C, and the time at each temperature before fluorescence scanning was 30 s.
Melting curves were analyzed in Bio-Rad’s CFX Manager software to get the
melting temperatures (Tm) of the LpxB mutants.

Molecular docking. UDP-DAG was docked into the LpxB active site cleft with
AutoDock Vina 1.1.256. The apo LpxB7S structure (PDB: 5W8S) and the UDP-
DAG molecule were prepared for docking in AutoDockTools67,68 from the
MGLTools 1.5.6 suite. For docking, the active site was defined as a box centered at
coordinates (− 36.232, 20.151, and 12.865) with x, y, z lengths of 24, 36, and 32 Å.
Exhaustiveness was set to 8. Nine models were output.

Data availability. The coordinates and structure factors of the crystals structures
generated from this research are available at the Protein Data Bank under accession
numbers 5W8N (LpxB6S), 5W8S (LpxB7S), and 5W8X (LpxB7S bound to UDP).
All other relevant data are available in this article and its Supplementary Infor-
mation files, or from the corresponding author upon request.

Received: 20 July 2017 Accepted: 20 December 2017

References
1. Ventola, C. L. The antibiotic resistance crisis: part 1: causes and threats. P T

Peer-Rev. J. Formul. Manag. 40, 277–283 (2015).
2. Ventola, C. L. The antibiotic resistance crisis: part 2: management strategies and

new agents. P T Peer-Rev. J. Formul. Manag. 40, 344–352 (2015).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02712-9 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:377 |DOI: 10.1038/s41467-017-02712-9 |www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


3. Raetz, C. R. H. & Whitfield, C. Lipopolysaccharide endotoxins. Annu. Rev.
Biochem. 71, 635–700 (2002).

4. Malinverni, J. C. & Silhavy, T. J. An ABC transport system that maintains lipid
asymmetry in the gram-negative outer membrane. Proc. Natl Acad. Sci. USA
106, 8009–8014 (2009).

5. Poole, K. Efflux-mediated multiresistance in Gram-negative bacteria. Clin.
Microbiol. Infect. 10, 12–26 (2004).

6. Centers for Disease Control and Prevention (CDC). Acinetobacter baumannii
infections among patients at military medical facilities treating injured U.S.
service members, 2002-2004. MMWR Morb. Mortal. Wkly Rep. 53, 1063–1066
(2004).

7. Arnold, R. S. et al. Emergence of Klebsiella pneumoniae carbapenemase-
producing bacteria. South. Med. J. 104, 40–45 (2011).

8. Takayama, K. et al. Fatty acyl derivatives of glucosamine 1-phosphate in
Escherichia coli and their relation to lipid A. Complete structure of A diacyl
GlcN-1-P found in a phosphatidylglycerol-deficient mutant. J. Biol. Chem. 258,
7379–7385 (1983).

9. Ray, B. L., Painter, G. & Raetz, C. R. The biosynthesis of gram-negative
endotoxin. Formation of lipid A disaccharides from monosaccharide precursors
in extracts of Escherichia coli. J. Biol. Chem. 259, 4852–4859 (1984).

10. Metzger, L. E. 4th & Raetz, C. R. H. Purification and characterization of the
lipid A disaccharide synthase (LpxB) from Escherichia coli, a peripheral
membrane protein. Biochem.48, 11559–11571 (2009).

11. Strain, S. M., Fesik, S. W. & Armitage, I. M. Characterization of
lipopolysaccharide from a heptoseless mutant of Escherichia coli by carbon 13
nuclear magnetic resonance. J. Biol. Chem. 258, 2906–2910 (1983).

12. Strain, S. M. et al. Location of polar substituents and fatty acyl chains on lipid A
precursors from a 3-deoxy-D-manno-octulosonic acid-deficient mutant of
Salmonella typhimurium. Studies by 1H, 13C, and 31P nuclear magnetic
resonance. J. Biol. Chem. 260, 16089–16098 (1985).

13. Baba, T. et al. Construction of Escherichia coli K‐12 in‐frame, single‐gene
knockout mutants: the Keio collection. Mol. Syst. Biol. 2, 2006.0008 (2006).

14. Opiyo, S. O., Pardy, R. L., Moriyama, H. & Moriyama, E. N. Evolution of the
Kdo2-lipid A biosynthesis in bacteria. Bmc. Evol. Biol. 10, 362 (2010).

15. Nishijima, M., Bulawa, C. E. & Raetz, C. R. Two interacting mutations causing
temperature-sensitive phosphatidylglycerol synthesis in Escherichia coli
membranes. J. Bacteriol. 145, 113–121 (1981).

16. Nishijima, M. & Raetz, C. R. Characterization of two membrane-associated
glycolipids from an Escherichia coli mutant deficient in phosphatidylglycerol. J.
Biol. Chem. 256, 10690–10696 (1981).

17. Williams, A. H. & Raetz, C. R. H. Structural basis for the acyl chain selectivity
and mechanism of UDP-N-acetylglucosamine acyltransferase. Proc. Natl. Acad.
Sci. 104, 13543–13550 (2007).

18. Coggins, B. E. et al. Structure of the LpxC deacetylase with a bound substrate-
analog inhibitor. Nat. Struct. Biol. 10, 645–651 (2003).

19. Bartling, C. M. & Raetz, C. R. H. Crystal structure and acyl chain selectivity of
Escherichia coli LpxD, the N-acyltransferase of lipid A biosynthesis.
Biochem.48, 8672–8683 (2009).

20. Cho, J., Lee, C.-J., Zhao, J., Young, H. E. & Zhou, P. Structure of the essential
Haemophilus influenzae UDP-diacylglucosamine pyrophosphohydrolase LpxH
in lipid A biosynthesis. Nat. Microbiol. 1, 16154 (2016).

21. Okada, C. et al. Crystal structures of the UDP-diacylglucosamine
pyrophosphohydrase LpxH from Pseudomonas aeruginosa. Sci. Rep. 6, 32822
(2016).

22. Emptage, R. P., Daughtry, K. D., Pemble, C. W. & Raetz, C. R. H. Crystal
structure of LpxK, the 4?-kinase of lipid A biosynthesis and atypical P-loop
kinase functioning at the membrane interface. Proc. Natl Acad. Sci. USA 109,
12956–12961 (2012).

23. Schmidt, H. et al. Structural and mechanistic analysis of the membrane-
embedded glycosyltransferase WaaA required for lipopolysaccharide synthesis.
Proc. Natl Acad. Sci. USA 109, 6253–6258 (2012).

24. Dovala, D. et al. Structure-guided enzymology of the lipid A acyltransferase
LpxM reveals a dual activity mechanism. Proc. Natl Acad. Sci. USA 113,
E6064–E6071 (2016).

25. Metzger, L. E. 4th, Lee, J. K., Finer-Moore, J. S., Raetz, C. R. H. & Stroud, R. M.
LpxI structures reveal how a lipid A precursor is synthesized. Nat. Struct. Mol.
Biol. 19, 1132–1138 (2012).

26. Metzger, L. E. 4th & Raetz, C. R. H. An alternative route for UDP-
diacylglucosamine hydrolysis in bacterial lipid A biosynthesis. Biochem.49,
6715–6726 (2010).

27. Liang, X., Lee, C.-J., Zhao, J., Toone, E. J. & Zhou, P. Synthesis, structure, and
antibiotic activity of aryl-substituted LpxC inhibitors. J. Med. Chem. 56,
6954–6966 (2013).

28. Liang, X. et al. Syntheses, structures and antibiotic activities of LpxC inhibitors
based on the diacetylene scaffold. Bioorg. Med. Chem. 19, 852–860 (2011).

29. Löppenberg, M. et al. Synthesis and biological evaluation of flexible and
conformationally constrained LpxC inhibitors. Org. Biomol. Chem. 11,
6056–6070 (2013).

30. Mansoor, U. F. et al. Design and synthesis of potent Gram-negative specific
LpxC inhibitors. Bioorg. Med. Chem. Lett. 21, 1155–1161 (2011).

31. McAllister, L. A. et al. Heterocyclic methylsulfone hydroxamic acid LpxC
inhibitors as Gram-negative antibacterial agents. Bioorg. Med. Chem. Lett. 22,
6832–6838 (2012).

32. Montgomery, J. I. et al. Pyridone methylsulfone hydroxamate LpxC inhibitors
for the treatment of serious gram-negative infections. J. Med. Chem. 55,
1662–1670 (2012).

33. Warmus, J. S. et al. Structure based design of an in vivo active hydroxamic acid
inhibitor of P. aeruginosa LpxC. Bioorg. Med. Chem. Lett. 22, 2536–2543
(2012).

34. Nayar, A. S. et al. Novel antibacterial targets and compounds revealed by a
high-throughput cell wall reporter assay. J. Bacteriol. 197, 1726–1734 (2015).

35. Jenkins, R. J. & Dotson, G. D. Dual targeting antibacterial peptide inhibitor of
early lipid A biosynthesis. Acs. Chem. Biol. 7, 1170–1177 (2012).

36. Williams, A. H., Immormino, R. M., Gewirth, D. T. & Raetz, C. R. H. Structure
of UDP-N-acetylglucosamine acyltransferase with a bound antibacterial
pentadecapeptide. Proc. Natl Acad. Sci. USA 103, 10877–10882 (2006).

37. Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N. & Sternberg, M. J. E. The
Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc.
10, 845–858 (2015).

38. Hu, Y. et al. Crystal structure of the MurG:UDP-GlcNAc complex reveals
common structural principles of a superfamily of glycosyltransferases. Proc.
Natl Acad. Sci. USA 100, 845–849 (2003).

39. Ha, S., Walker, D., Shi, Y. & Walker, S. The 1.9 A crystal structure of
Escherichia coli MurG, a membrane-associated glycosyltransferase involved in
peptidoglycan biosynthesis. Protein Sci. Publ. Protein Soc. 9, 1045–1052 (2000).

40. Albesa-Jové, D., Giganti, D., Jackson, M., Alzari, P. M. & Guerin, M. E.
Structure–function relationships of membrane-associated GT-B
glycosyltransferases. Glycobiology 24, 108–124 (2014).

41. Lairson, L. L., Henrissat, B., Davies, G. J. & Withers, S. G. Glycosyltransferases:
structures, functions, and mechanisms. Annu. Rev. Biochem. 77, 521–555
(2008).

42. Stivala, A., Wybrow, M., Wirth, A., Whisstock, J. C. & Stuckey, P. J. Automatic
generation of protein structure cartoons with Pro-origami. Bioinformatics 27,
3315–3316 (2011).

43. Vetting, M. W., Frantom, P. A. & Blanchard, J. S. Structural and enzymatic
analysis of MshA from Corynebacterium glutamicum: substrate-assisted
catalysis. J. Biol. Chem. 283, 15834–15844 (2008).

44. Sobhanifar, S. et al. Structure and mechanism of Staphylococcus aureus TarM,
the wall teichoic acid α-glycosyltransferase. Proc. Natl Acad. Sci. USA 112,
E576–E585 (2015).

45. Lin, L. Y.-C. et al. Structure and mechanism of the lipooligosaccharide
sialyltransferase from Neisseria meningitidis. J. Biol. Chem. 286, 37237–37248
(2011).

46. Okuda, S. & Yoshizawa, A. C. ODB: a database for operon organizations, 2011
update. Nucleic Acids Res. 39, D552–D555 (2011).

47. Ni, L. et al. Crystal structures of Pasteurella multocida sialyltransferase
complexes with acceptor and donor analogues reveal substrate binding sites and
catalytic mechanism. Biochem.46, 6288–6298 (2007).

48. Guerin, M. E. et al. Molecular recognition and interfacial catalysis by the
essential phosphatidylinositol mannosyltransferase PimA from mycobacteria. J.
Biol. Chem. 282, 20705–20714 (2007).

49. Pettersen, E. F. et al. UCSF Chimera–a visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605–1612 (2004).

50. Giganti, D. et al. Secondary structure reshuffling modulates glycosyltransferase
function at the membrane. Nat. Chem. Biol. 11, 16–18 (2015).

51. Rodrigo-Unzueta, A. et al. Molecular basis of membrane association by the
phosphatidylinositol mannosyltransferase PimA enzyme from Mycobacteria. J.
Biol. Chem. 291, 13955–13963 (2016).

52. Emptage, R. P., Tonthat, N. K., York, J. D., Schumacher, M. A. & Zhou, P.
Structural basis of lipid binding for the membrane-embedded
tetraacyldisaccharide-1-phosphate 4′-kinase LpxK. J. Biol. Chem. 289,
24059–24068 (2014).

53. Garrett, T. A., Kadrmas, J. L. & Raetz, C. R. H. Identification of the gene
encoding the Escherichia coli lipid A 4′-kinase facile phosphorylation of
endotoxin analogs with recombinant LpxK. J. Biol. Chem. 272, 21855–21864
(1997).

54. Vyplel, H., Scholz, D., Macher, I., Schindlmaier, K. & Schuetze, E. C-Glycosidic
analogs of lipid A and lipid X: synthesis and biological activities. J. Med. Chem.
34, 2759–2767 (1991).

55. Ray, B. L. & Raetz, C. R. The biosynthesis of gram-negative endotoxin. A novel
kinase in Escherichia colimembranes that incorporates the 4’-phosphate of lipid
A. J. Biol. Chem. 262, 1122–1128 (1987).

56. Trott, O. & Olson, A. J. AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and
multithreading. J. Comput. Chem. 31, 455–461 (2010).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02712-9

12 NATURE COMMUNICATIONS |  (2018) 9:377 |DOI: 10.1038/s41467-017-02712-9 |www.nature.com/naturecommunications

www.nature.com/naturecommunications


57. Doublié, S. in Macromolecular Crystallography Protocols (eds. Walker, J. &
Doublié, S.) 91–108 (Humana Press, 2007).

58. Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 66, 125–132 (2010).
59. Collaborative Computational Project, Number 4. The CCP4 suite: programs for

protein crystallography. Acta Crystallogr. D Biol. Crystallogr. 50, 760–763
(1994).

60. Otwinowski, Z. & Minor, W. in Methods in Enzymology (eds. Carter, C. W. Jr.
& Sweet, R. M.) 276: Macromolecular Crystallography, part A, 307–326
(Academic Press, 1997).

61. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 66,
213–221 (2010).

62. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486–501 (2010).

63. Inoue, H., Nojima, H. & Okayama, H. High efficiency transformation of
Escherichia coli with plasmids. Gene 96, 23–28 (1990).

64. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25
years of image analysis. Nat. Methods 9, 671–675 (2012).

65. Rodríguez, S., Cesio, M. V., Heinzen, H. & Moyna, P. Determination of the
phospholipid/lipophilic compounds ratio in liposomes by thin-layer
chromatography scanning densitometry. Lipids 35, 1033–1036 (2000).

66. Schariter, J. A., Pachuski, J., Fried, B. & Sherma, J. Determination of neutral
lipids and phospholipids in the cercariae of Schistosoma mansoni by high
performance thin layer chromatography. J. Liq. Chromatogr. Relat. Technol. 25,
1615–1622 (2002).

67. Sanner, M. F. Python: a programming language for software integration and
development. J. Mol. Graph. Model. 17, 57–61 (1999).

68. Morris, G. M. et al. AutoDock4 and AutoDockTools4: automated docking with
selective receptor flexibility. J. Comput. Chem. 30, 2785–2791 (2009).

69. Laskowski, R. A. & Swindells, M. B. LigPlot+: multiple ligand-protein
interaction diagrams for drug discovery. J. Chem. Inf. Model. 51, 2778–2786
(2011).

Acknowledgements
We thank Surajit Banerjee for his outstanding assistance during diffraction data collec-
tion at the Advanced Photon Source. This work is based upon research conducted at the
Northeastern Collaborative Access Team beamlines, which are funded by the National
Institute of General Medical Sciences from the National Institutes of Health (P41
GM103403). The Pilatus 6M detector on 24-ID-C beam line is funded by a NIH-ORIP
HEI grant (S10 RR029205). This research used resources of the Advanced Photon Source,
a U.S. Department of Energy (DOE) Office of Science User Facility operated for the DOE
Office of Science by Argonne National Laboratory under Contract No. DE-AC02-
06CH11357. We thank Louis E. Metzger IV for his consultation on measuring the
activity of LpxB including the purification of UDP-DAG and lipid X, and the proper
method of charring TLC plates for visualization of lipids. We thank Jayakanth Kankanala

and Zhengquiang Wang for their help with mass spectrometry. UCSF Chimera was
utilized to generate 3D structure figures and for protein structure comparisons. Chimera
is developed by the Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco (supported by NIGMS P41-GM103311). This
work was supported by NIH grant GM118047 to H.A.

Author contributions
H.O.B. designed and carried out all experiments, except those that were performed by
outside facilities and were otherwise noted. K.S. ran crystallization robot. K.S. collected
the X-ray diffraction data used to generate the final models. J.K.L. and H.O.B. helped
with diffraction data collection. H.O.B. built and refined the final models with help from
J.K.L. J.K.L. conceived the project and planned initial cloning, purification, and
crystallization of wild-type LpxB. H.A. supervised the project. H.O.B. and H.A. prepared
the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
017-02712-9.

Competing interests: J.K.L. is currently employed by Bristol-Myers Squibb (Redwood
City, CA). J.K.L. was not employed by BMS during involvement in this research. The
remaining authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02712-9 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:377 |DOI: 10.1038/s41467-017-02712-9 |www.nature.com/naturecommunications 13

https://doi.org/10.1038/s41467-017-02712-9
https://doi.org/10.1038/s41467-017-02712-9
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Crystal structure of lipid A disaccharide synthase LpxB from Escherichia coli
	Results
	Overall structure of LpxB
	UDP binding site
	Membrane association of LpxB
	Activities of previously characterized mutants
	Oligomerization of LpxB in solution

	Discussion
	Methods
	Cloning and purification of LpxB
	Protein mass spectrometry
	Crystallization of LpxB
	Diffraction data collection and model building
	Analytical ultracentrifugation
	Enzymatic assays
	Differential scanning fluorimetry
	Molecular docking
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




