
pubs.acs.org/Biochemistry Published on Web 08/05/2009 r 2009 American Chemical Society

8672 Biochemistry 2009, 48, 8672–8683

DOI: 10.1021/bi901025v

Crystal Structure and Acyl Chain Selectivity of Escherichia coli LpxD,
the N-Acyltransferase of Lipid A Biosynthesis†,‡

Craig M. Bartling and Christian R. H. Raetz*

Department of Biochemistry, Duke University Medical Center, Durham, North Carolina 27710

Received June 17, 2009; Revised Manuscript Received August 4, 2009

ABSTRACT: LpxD catalyzes the third step of lipid A biosynthesis, the R-3-hydroxyacyl-ACP-dependent
N-acylation of UDP-3-O-(acyl)-R-D-glucosamine, and is a target for new antibiotic development. Here we
report the 2.6 Å crystal structure of the Escherichia coli LpxD homotrimer (EcLpxD). As is the case in
Chlamydia trachomatis LpxD (CtLxpD), each EcLpxD chain consists of an N-terminal uridine-binding
region, a left-handed parallel β-helix (LβH), and a C-terminal R-helical domain. The backbones of the LβH
domains of the two enzymes are similar, as are the positions of key active site residues. The N-terminal
nucleotide binding domains are oriented differently relative to the LβH regions, but are similar when overlaid
on each other. The orientation of the EcLpxD tripeptide (residues 303-305), connecting the distal end of the
LβHand the proximal end of theC-terminal helical domains, differs from its counterpart in CtLpxD (residues
311-312); this results in a 120� rotation of the C-terminal domain relative to the LβH region in EcLpxD
versus CtLpxD. M290 of EcLpxD appears to cap the distal end of a hydrophobic cleft that binds the acyl
chain of the R-3-hydroxyacyl-ACP donor substrate. Under standard assay conditions, wild-type EcLpxD
prefers R,S-3-hydroxymyristoyl-ACP over R,S-3-hydroxypalmitoyl-ACP by a factor of 3, whereas the
M290A mutant has the opposite selectivity. Both wild-type and M290A EcLpxD rescue the conditional
lethality ofE. coliRL25, a temperature-sensitive strain harboring point mutations in lpxD. Complementation
with wild-type EcLpxD restores normal lipid A containing onlyN-linked hydroxymyristate to RL25 at 42 �C,
as judged bymass spectrometry, whereas theM290Amutant generates multiple lipid A species containing one
or two longer hydroxy fatty acids in place of the usual R-3-hydroxymyristate at positions 2 and 20.

LpxD catalyzes the third step of lipid A biosynthesis, the acyl-
ACP dependent N-acylation of the intermediate UDP-3-
O-(acyl)-R-D-glucosamine (Scheme 1) (1-4). LpxD is conserved
among all Gram-negative bacteria that make lipid A and is
required for growth (1-4). It is therefore an excellent target for
the development of new antibiotics. Three related crystal struc-
tures of LpxD from Chlamydia trachomatis (CtLpxD1) have
recently been reported by Buetow et al. (5): an “apo” structure at
2.7 Å resolution, and two structures with bound UDP-N-
acetylglucosamine (UDP-GlcNAc) at 2.2 Å and 3.1 Å resolution
(termed Complex I and Complex II, respectively) (5). These
structures revealed that CtLpxD contains three nearly identical
protein chains within its asymmetric unit (5), which coincide with
the three subunits of the biologically active homotrimer
(Figure 1A and 1C). Furthermore, each chain of LpxD consists

of three distinct regions: anN-terminal uridine-binding domain, a
central left-handed parallel β-helix (LβH), and a C-terminal
R-helix (Figure 2A) (5). All three CtLpxD structures also contain
electron density suggestive of one free fatty acid bound per
subunit (5), which was modeled as palmitate (Figures 1A and
1C); it is situated in a hydrophobic cleft located between adjacent
monomers of the LβH domains (5) (Figures 1A and 1C).
Complexes I and II furthermore contain one or two molecules
of bound UDP-GlcNAc per homotrimer, respectively (5). How-
ever, neither UDP-GlcNAc nor palmitate is a physiological
substrate for LpxD (1).

Both EcLpxD and CtLpxD catalyze the N-acylation of UDP-
3-O-(acyl)-R-D-glucosamine (Scheme 1), but each orthologue
appears to have a different substrate selectivity. When assayed
in vitro, EcLpxD prefers R-3-hydroxymyristoyl-ACP as the acyl
donor (Scheme 1A), and it utilizes UDP-3-O-(R-3-hydro-
xymyristoyl)-R-D-glucosamine as the acceptor (1, 4). This pattern
is consistent with the structure of wild-type E. coli lipid A, which
contains over 95% R-3-hydroxymyristate at the 2 and 20 posi-
tions of lipid A (Scheme 1) (3, 6-10). CtLpxD is expected to
utilize R-3-hydroxyarachidoyl-ACP and UDP-3-O-(myristoyl)-
R-D-glucosamine (Scheme 1B), based on the predominant mo-
lecular species ofC. trachomatis lipidA (11, 12), but this proposal
has not been validated by in vitro assays. Previous kinetic and site
directed mutagenesis studies of EcLpxD (4) strongly suggested
that the conserved H239 residue (corresponding to H247 in
CtLpxD) (5) functions as the catalytic base (Scheme 2). TheG257
residue of EcLpxD, which is likewise conserved in all LpxD
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orthologues, is located near H239, and its backbone amide group
may function as the oxyanion hole (Scheme 2) (4). Kinetic and
mutagenesis studies of CtLpxD have not been reported.

Here we present the first crystal structure of EcLpxD, which
was determined by molecular replacement using CtLpxD (pdb
code 2IUA) as the model (5) in conjunction with primary
sequence alignments. Overall, the structure of EcLpxD is similar
to that of CtLpxD, but significant differences exist in the
connections between the three domains of each chain. Compar-
ison of the two enzymes also revealed differences in the size of a
hydrophobic cleft that extends from the catalytic histidine residue
and may function in determining the R-3-hydroxyacyl-ACP
selectivity of LpxD. We therefore constructed the M290A muta-
tion, which is predicted to enlarge this hydrophobic cleft in
EcLpxD. Introduction of the M290A variant into a recipient
strain of E. coli harboring a temperature-sensitive lpxD point
mutation (13) greatly enhances the incorporation of longer
hydroxyacyl chains into lipid A in living cells and is accompanied
by corresponding changes in the acyl donor selectivity of LpxD,
when assayed in vitro.

EXPERIMENTAL PROCEDURES

Materials. [R-32P]-UTP was purchased from Perkin-Elmer
(Boston, MA). The crystallography reagents 2-(N-morpholi-
no)ethanesulfonic acid (MES), ammonium sulfate, dioxane,
sodium chloride, and ethylene glycol were purchased from
Hampton Research (Aliso Viejo, CA). Ni-NTA resin was
purchased from GE Healthcare (Piscataway, NJ). All other

chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
or prepared as described below.
EcLpxD Expression and Purification. A plasmid

(designated pNH6LpxD), which encodes a fully functional LpxD
protein, modified with an N-terminal His6 tag followed by a one
glycine residue linker and the P2A substitution, was constructed
and transformed into E. coli Rosetta (DE3)/pLysS (Invitrogen),
as previously described (4). Expression of LpxD at 37 �C was
induced for 3.5 h with 1 mM isopropyl-β-D-thiogalactopyrano-
side when the A600 of the cells, growing on LB broth supple-
mented with 25 μg/mL chloramphenicol and 100 μg/mL
ampicillin, reached 0.5. All subsequent procedures were carried
out at 0-4 �C. Cells from a 1 L culture were harvested by
centrifugation at 4000g. The pellet was resuspended in 50 mL of
buffer A (40 mM potassium phosphate, pH 8.0, containing 200
mM sodium chloride, 1 mM DTT, 10% glycerol [v/v] supple-
mented with 20 mM imidazole), and the cells were again
centrifuged at 4000g. The pellet was resuspended in 50 mL of
buffer A, and the cells were broken by one passage through a
French pressure chamber at 18,000 psi. After a 30 min centrifu-
gation at 4000g, the cell-free extract was loaded onto a 4 mL Ni-
NTA column, equilibratedwith 60mLof bufferA.Afterwashing
with 40 mL of buffer A, LpxD was eluted in one fraction with
10 mL of buffer A containing 150 mM imidazole, and the entire
fraction was loaded onto a 318 mL High Load 26/60 Superdex-
200 gel filtration column (GE Healthcare, Piscataway, NJ),
equilibrated in 10 mM Tris chloride, pH 8.0, containing 1 mM
DTT and 500 mM NaCl. The protein eluted as a sharp peak

Scheme 1: Selectivity and Function of EcLpxD versus CtLpxD
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consistent with the molecular weight predicted for the LpxD
homotrimer. Fractions were pooled and concentrated to 24 mg/
mL, as judged by the bicinchoninic acid assay (14). The protein
solution was then passed through a 0.2 μm filter and stored in
aliquots at -80 �C.
LpxD Substrate Preparation and LpxD Assay. R,S-3-

Hydroxymyristoyl-ACP, R,S-3-hydroxypalmitoyl-ACP and
[R-32P]-UDP-3-O-(R-3-hydroxymyristoyl)-R-D-glucosamine
were prepared as previously described (1, 4). All assay
mixtures (typically 10 μL) contained 1 μM UDP-3-O-(R-3-
hydroxymyristoyl)-R-D-glucosamine, [R-32P]-UDP-3-O-(R-
3-hydroxymyristoyl)-R-D-glucosamine (5000 - 10000 cpm/
μL), and 2 μM R,S-3-hydroxypalmitoyl-ACP or R,S-
3-hydroxymyristoyl-ACP (4). LpxD point mutants
(M290A and M292A) were constructed using pNH6LpxD
as the template, and the mutant proteins were expressed and
purified as previously described (4).
Crystallization and Structure Determination. Crystals

were grownby thehangingdrop/vapor diffusionmethodbymixing
1.7 μL of 10 mg/mL protein (in 10 mM Tris chloride, pH 8.0
containing 1mMDTTand 500mMNaCl) with 1.7 μLof 100mM
MES, pH 5.4, containing 2.0 M (NH4)2SO4, 1% dioxane v/v, and
1mMDTT.Crystals appeared after 3-5 days at 17 �Cand grew to
∼100 μm after two weeks in the shape of tetragonal bipyramids.
Crystals were harvested with a CryoLoop (Hampton Research,
Aliso Viejo, CA), and soaked for about 5 s in 100 mM MES, pH
5.4, containing 2.0M (NH4)2SO4, 1% dioxane v/v, 500mMNaCl,
and 18% ethylene glycol v/v, followed by submersion in liquid N2.

Data were collected using an R-Axis IV image plate detector
(Rigaku, The Woodlands, TX). The EcLpxD asymmetric unit
consists of three nearly identical chains, arranged in the same
manner as in the biologically relevant homotrimer, with a solvent
content of∼56%.Datawere integrated and scaled usingXDS (15).

The EcLpxD structure was determined by molecular replace-
ment to 2.6 Å resolution using Phaser, a component of the CCP4
suite2 (16, 17). An initial homology model of the EcLpxD trimer
was constructed based on the crystal structure ofCtLpxDwith all
ligands and waters removed (PDB code: 2IUA), using the
program Molrep (18). Initial solutions did not permit proper
refinement; therefore, the homology model was altered by first
removing the predicted loop regions of theN-terminal domain of
CtLpxD (Table S1 in the Supporting Information). This model
gave adequate phase estimates for subsequent model building,
which was performed in Coot (19) and refined using Refmac (20)
and Phenix (21). Solvent molecules were added using Phenix (21).
The final structure of EcLpxD was assessed using MolProb-
ity (22, 23). The initial round of refinement before any rebuilding
yielded initial values of Rwork of 34.6% and Rfree of 43.9%.
Iterative rounds of refinementmonitored byRfree yielded amodel
with a finalRwork of 21.4%andRfree of 27.9% (Table 1). TheHis6
tag and glycine linker at the N-terminus were not included in the
model because these residues did not show sufficient electron
density for model building. The final EcLpxD model has 98.6%

FIGURE 1: Comparisonof the trimeric architectureCtLpxD (Complex I) andEcLpxD. PanelsA andB show side views of the asymmetric units of
CtLpxD (Complex I) (5) and EcLpxD, respectively. In both structures, chains A, B and C (green, pink and blue, respectively) of the asymmetric
unit coincidewith the three subunits of the physiologically relevantLpxDhomotrimer. CtLpxDcontains onemolecule of bound free fatty acidper
protein monomer (5), which is modeled as palmitate, but there is only one molecule of UDP-GlcNAc per homotrimer (carbons in yellow). The
locations of theN- andC-termini are indicated for chainC.The+120� rotation of theC-terminalR-helical domain relative to the LβHdomain in
EcLpxDversusCtLpxD is apparent in this perspective. PanelsC andD show top-downviews of the asymmetric units ofCtLpxD (Complex I) and
EcLpxD, respectively, illustrating the precise stacking of the coils of the LβH region and the dispositions of the N-terminal nucleotide binding
domains.

2The CCP4 suite of programs for protein crystallography is described
in (1994) Acta Crystallogr. 50, 760-763.
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of its residues in theRamachandran favored regions and less than
1% of the rotamers in the disallowed regions. Secondary
structure elements were added with the help of the program
STRIDE (24) and by visual inspection. Structural alignments and
figures were generated using PyMol (DeLano Scientific, San

Carlos, CA). Atomic coordinates for EcLpxD have been depos-
ited with the Protein Data Bank (ID code 3EH0).
Cloning of Wild-Type and M290A lpxD for Transfor-

mation into RL25. The E. coli lpxD gene was previously cloned
into a pET-11d plasmid (4). A HindIII restriction site was
engineered downstream from the gene using the QuikChange
site-directed mutagenesis techniques (Stratagene), and the result-
ing HindIII/XbaI doubly digested insert was subcloned into a
similarly digested pBAD33 vector (25). The resulting plasmid,
designated pWT, was used as the template to create the M290A
lpxD variant (pM290A), using the QuikChange site-directed
mutagenesis kit. The structures of all plasmid inserts were
confirmed by DNA sequencing. The pBAD33, pWT, and
pM290A were electroporated into RL25, a temperature-sensitive
lpxD point mutant strain (13), obtained from the E. coliGenetic
Stock Center, Yale University, New Haven, CT. Colonies were
selected on LB plates (26) at 30 �C supplemented with 25 μg/mL
chloramphenicol. RL25 cells containing pWT or pM290A, but
not pBAD33, restored growth of RL25 at 42 �C, both on plates
and in liquid medium. For the lipid A analysis, 200 mL LB
cultures (supplemented with 25 μg/mL chloramphenicol and
0.1% L-arabinose w/v) of RL25, containing either pWT or
pM290A, were grown at 30 �C to an A600 of 0.2, followed by a
temperature shift to 42 �C. Cells were harvested when A600

reached 1.0.
Isolation and Characterization of Lipid A Species. Cells

were harvested by centrifugation at 4000g and washed with
30 mL of phosphate-buffered saline, pH 7.4 (PBS). The cell
pellets were resuspended in 8 mL of PBS, 10 mL of chloroform,
and 20 mL of methanol to make a single-phase Bligh/Dyer
system (27). After mixing and incubating at room temperature
for 1 h, the pellet was recovered by centrifugation and washed
twice with 15 mL of a single-phase Bligh/Dyer mixture (27). The
pellet was resuspended in 9mLof 50mMsodium acetate, pH4.5,
and incubated at 100 �C for 30 min to cleave the Kdo-lipid A
linkage (28). The hydrolysis mixture was cooled and acidified to
pH 1.0 with concentrated HCl. The lipid A was recovered in the
lower phase of a two-phase Bligh/Dyer mixture (28), generated
by the addition of appropriate amounts of chloroform and
methanol.

To remove the ester-linked fatty acids, a portion of each lipidA
preparationwas subjected tomild alkaline hydrolysis (29). About
20% of each sample was dissolved in 0.5 mL of a basic, single-
phase solution, which was prepared by mixing 0.4 mL of 5 M
NaOH, 5mLofmethanol and 5mLof chloroform to yield a final
concentration of ∼0.2 M NaOH. This mixture was incubated at
room temperature for 30min. The base-deacylated lipidA species
were then recovered from the lower phase of a two-phase, acidic
Bligh/Dyer system (28), generated by adding appropriate
amounts of chloroform and methanol.

High-resolutionmass spectra were acquired in the negative ion
mode on a QSTAR XL quadrupole time-of-flight tandem mass
spectrometer (Applied Biosystems, Foster City, CA), equipped
with an electrospray ionization source (30, 31). For MS/MS
analysis, tandem mass spectra were obtained using a collision
energy of-35 V, with nitrogen as the collision gas. Data analysis
was performed using Analyst QS software.

RESULTS

Crystal Structure of EcLpxD. The crystal structure of N-
terminally His6-tagged EcLpxD was determined by molecular

FIGURE 2: Comparison of the CtLpxD and EcLpxD monomers.
Panels A and B show ribbon diagrams of chain A of CtLpxA
(gray) and EcLpxD (red), respectively. The differences in the orienta-
tions of the linkers connecting the LβH and C-terminal domains of
the two proteins are especially clear in this view. Panel C shows the
superpositioned ribbon diagrams of the two proteins, demonstrating
the close similarity of the central LβH domain, but the differences in
the N-terminal and C-terminal regions. Panel D: When the N-
terminal domains by themselves are superpositioned, their conforma-
tional similarities aremoreapparent.Aromatic side chains thought to
be involved in uridine binding are indicated (4, 5).

Scheme 2: Proposed Catalytic Mechanism of EcLpxD
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replacement at 2.6 Å resolution, usingCtLpxD (PDB code: 2IUA)
as the model (Table 1). Each chain of the EcLpxD homotrimer
(excluding the N-terminal His6 tag and glycine linker) consists of
341 amino acid residues, compared to 354 residues in CtLpxD.
The EcLpxD and CtLpxD monomers show 33% identity and
53% similarity with 7 gaps over 330 amino acid residues (see
Figure S1 in the Supporting Information). In the crystalline state,
both enzymes contain three polypeptide chains per asymmetric
unit, which are arranged in the same manner as in the biologically
functional homotrimer (Figure 1). The conformations of each of
the threemonomers are very similar, and these subunits are related
to each other by a 3-fold axis of symmetry (Figure 1). TheHis6 tag
and glycine linker of EcLpxD were not visible in the electron
density maps and were not included in the model (Figure 1).
Comparison of EcLpxD and CtLpxD. Each chain of the

CtLpxD (5) and the EcLpxD homotrimers (Figures 2A and 2B)
consists of three regions: a mixed R/β N-terminal domain, a
central, left-handed parallel β-helix (LβH), and an extended R-
helicalC-terminal domain. Superposition of chainA of CtLpxD3

and chain A of EcLpxD (Figure 2C) shows the close conforma-
tional similarity of the central LβH regions. However, the N-
terminal domains of CtLpxD and EcLpxD are not well aligned
(Figure 2C) because of the different orientations of these domains
relative to their corresponding LβH regions. When superposi-
tioning only the N-terminal regions of CtLpxD and EcLpxD
(Figure 2D), the similarity of their secondary structures and the
orientations of their uridine binding aromatic side chains are
more apparent (see also Table S1 in the Supporting Information).
The difference in the N-terminal domain orientation likely arises
from the fact that the segment connecting it to the LβH region is
one amino acid shorter in EcLpxD than CtLpxD (Figure S1 and
Table S1 in the Supporting Information) and might also indicate
mobility of the two domains relative to each other (Figure 2C).

Themost striking overall difference between the twoproteins is
the connection between the LβH and the C-terminal regions
(Figures 3A and 3B). The residues connecting the LβH to the
C-terminal domains of CtLpxD (G311 and A312) and EcLpxD
(S303, G304, and I305) differ in length and orientation
(Figures 3A and 3B), resulting in a+120� twist of theC-terminal
domain relative to LβH region in EcLpxD versus CtLpxD
(Figures 1, 2 and 3). Although the role of the C-terminal domain
is unclear, it is important for the function of the protein, because
the EcLpxD C-terminal truncations Δ324-341 and Δ312-341
are inactive (data not shown). Constructs lacking the C-terminal
domain can be overexpressed, as judged by gel electrophoresis,
but we have not yet determined whether they fold properly and
assemble into trimers.
Active Site Residues of EcLpxD. CtLpxD was crystallized

in three forms, each of which contained three bound palmitate
molecules situated between adjacent monomers, as shown in
Figure 1 for Complex I, the highest resolution structure ob-
tained (5) (PDB code: 2IU8). Complex I was crystallized with
UDP-GlcNAc and contained electron density consistent with the
presence of onemolecule of UDP-GlcNAc between chains A and
B (Figures 1A and 1C) (5). Palmitate was not added during the
CtLpxD crystallization and must have been derived from the
E. coli cells in which the recombinant CtLpxDwas expressed (5).
No free fatty acids were associated with EcLpxD.

Neither palmitate nor UDP-GlcNAc is a physiological sub-
strate for LpxD (Scheme 1), but their locations within the
CtLpxD structure (5) provide significant information about the
LpxD active site. When the EcLpxD and CtLpxD (Complex I)
homotrimers are superpositioned (Figure 4A), there is excellent
alignment of their LβH backbones (CtLpxD monomers in gray
and EcLpxD monomers in green, pink and blue). The conserved
catalytic His residues (EcLpxD H239 and CtLpxD H247) are
positioned almost identically and are poised to function as the
catalytic base (Scheme 2). The conserved glycine residues that are
located one turn distally toward theC-terminal end of the β-helix
are proposed to function as the oxyanion hole (Scheme 2), and
they also superposition very precisely (Figure 4A). The electron
density in the active site region around H239 is very well-defined
(Figure 4C). As shown previously (4), H125, the catalytic base of
E. coli LpxA (32-34), likewise aligns well with CtLpxD H247,
highlighting the related structures and mechanisms of these
acyltransferases.
TheHydrophobic Cleft for the Binding an Acyl Chain. In

the superpositioned active site regions of CtLpxD and EcLpxD
(Figure 4A), the bound palmitate molecule present in CtLpxD is
highlighted with its carbon atoms in yellow sticks. Careful
comparison of these structures reveals that the M290 side chain
of EcLpxD overlaps with the region occupied by the tail of the
palmitate molecule present in CtLpxD (Figure 4A, 1.6 Å
separation). It is unclear whether the palmitate ligand in CtLpxD
is situated in the acyl chain-binding cleft of the donor or the
acceptor substrate (Scheme 1). Buetow et al. (5) suggested that
the palmitate molecule occupies the myristoyl chain binding site
of the UDP-3-O-(C14)-GlcN acceptor (Scheme 1). However, the
CtLpxD palmitate-binding site may be large enough to accom-
modate the R-3-hydroxyarachidoyl-ACP donor substrate
(Scheme 1B). The comparable region in EcLpxD (Figure 4A)
is too small to accommodate palmitate or longer acyl chains
because of the positioning of the M290 side chain (Figures 4A
and 4B), and possibly also because of the presence of M292 (not
shown). Nevertheless, this region of EcLpxD should be large

Table 1: Data Collection and Refinement Statistics

measurement value

source/detector RU200/Raxis-IV

space group C2

a, b, c (Å) 157.95, 94.17, 103.66

R, β, γ (deg) 90.00, 126.50, 90.00

wavelength (Å) 1.5418

oscillation range/Δ, deg 160/ 0.5

resolution range (Å) 20.0-2.60

last shell (Å) 2.74-2.60

unique reflections 37,053

completeness (last shell) 98.3% (97.2%)

average I/σ(I) (last shell) 10.3 (3.1)

redundancy (last shell) 3.3 (3.3)

Rmerge
a 10.2% (44.0%)

Rwork
b 21.4%

Rfree 27.9%

rms from ideality

bond lengths, Å 0.015

bond angles, deg 1.481

protein residues 1,023

waters 365

aRmerge =
P

hkl

P
i|Ii(hkl) - |ÆI(hkl)æ|/

P
hkl

P
II(hkl).

bRwork =
P

|Fo -
Fc|/

P
Fo. 5% of the reflections were used to calculate Rfree.

3For this purpose we used CtLpxD complex I, which was solved at
2.2 Å resolution, and contains one molecule of bound UDP-GlcNAc
between chains A and B, and three molecules of bound palmitate (one at
each active site).
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enough to accommodate the R-3-hydroxymyristoyl moiety of R-
3-hydroxymyristoyl-ACP (Figure 4A). The electron densities of
the M290 side chain and of the nearby peptide segment connect-
ing the LβH region to the C-terminal domain of EcLpxD are
well-defined (Figure 4B).
Site-Directed Mutagenesis of the Proposed Fatty Acid

Binding Cleft in EcLpxD. Attempts to crystallize EcLpxD
with UDP-GlcNAc, UDP-3-O-(R-3-hydroxymyristoyl)-R-D-
GlcNAc or its product UDP-2,3-diacylglucosamine (Scheme 1)

were unsuccessful. To show that the EcLpxD cleft corresponding
to the palmitate binding region of CtLpxD (Figure 4A) interacts
with the R-3-hydroxyacyl chain of R-hydroxyacyl-ACP, we
constructed two EcLpxD mutants, M290A and M292A,
and compared their acyl-ACP chain length selectivity in vitro
to that of wild-type EcLpxD. The assays were performed with
substrate concentrations below KM. The selectivity factor
(Table 2) approximates the kcat/KM ratios. Wild-type EcLpxD
displays a 3.3-fold selectivity for R,S-3-hydroxymyristoyl-ACP

FIGURE 4: Proposed active sites and acyl chain binding clefts ofCtLpxDversus EcLpxD. PanelA shows the superpositioned ribbons diagrams of
CtLpxD(Complex Iwith its three proteinmonomers ingray) (5) andEcLpxD(chainA ingreen, chainB inpink, and chainC inblue). Theposition
of the palmitatemolecule between chainsA andB inCtLpxA is shown in sticks, as are the catalytic base of chainA (H239 inEcLpxDandH247 in
CtLpxD), the oxyanion hole (G257 in EcLpxD and G265 in CtLpxD), and the “hydrocarbon ruler”M290 of EcLpxD versus G298 of CtLpxD.
The two distal carbon atoms of the palmitate chain would clash with the M290 side chain, perhaps accounting for the acyl chain selectivity of
EcLpxD. Panel B shows the 2Fo - Fc map around the M290 residue in chain A of EcLpxD and the nearby peptide that connects the LβH and
C-terminal regions of chain B, contoured at 1σ (see also Figure 3B). The densities of the M290 side chain and the connecting peptide are well-
defined. Panel C shows the 2Fo - Fc map around the catalytic base H239 of chain A of EcLpxD, contoured at 1σ.

FIGURE 3: Orientation of the peptide segments connecting the LβH to the C-terminal domains in CtLpxD versus EcLpxD. Panels A and B
magnify and highlight the orientation of relevant chainBdipeptide forCtLpxDand the corresponding tripeptide inEcLpxD, connecting theLβH
to theC-terminal region. The color scheme is the same as in Figure 1. The end of the bound palmitate molecule present between chainsA and B of
CtLpxD is shown with its carbon atoms in yellow. No bound fatty acid is present in EcLpxD.
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over R,S-3-hydroxypalmitoyl-ACP. A similar result was ob-
tained for the M292A variant (Table 2). However, the M290A
mutant displayed a 2.5-fold selectivity for R,S-3-hydroxypalmi-
toyl-ACP over R,S-3-hydroxymyristoyl-ACP (Table 2). This
finding supports the view that the M290 side chain may indeed
limit the size of the acyl chain binding groove of EcLpxD, as
suggested by Figure 4A, favoring the selection of R-3-hydro-
xymyristoyl-ACP over longer R-3-hydroxyacyl-ACPs.
Effects of theM290AMutation on Lipid A Composition

in Living Cells. LpxD of E. coli strain RL25 (13, 35) contains
three point mutations, which are not located near the active site
(not shown); they are compatible with cell growth at 30 �C but
not 42 �C (Figure 5A) (13). Transformation of RL25 with
plasmids expressing either wild-type EcLpxD (pWT) or the
M290A variant (pM290A) restored growth of single colonies
of RL25 at 42 �C (Figures 5B and 5C, respectively).

To determine which hydroxyacyl chains were incorporated
into lipid A in vivo, RL25 cells harboring either pWT or pM290A
were grown to late log phase at 42 �C. Following mild acid
hydrolysis of cell-associated LPS, their lipid A species were
isolated and subjected to ESI/MS in the negative ion mode
(Figure 6). The [M- 2H]2- ion atm/z 897.62 of themajor lipidA
species present inRL25/pWT (Figure 6A, blue line) was the same
as that of wild-type E. coli (not shown). The proposed structure
that gives rise to this ion containsN-linkedR-3-hydroxymyristoyl
chains at the 2 and 20 positions (Figure 6A, red atoms) (30). The
smaller peak at m/z 883.60 (Figure 6A) is attributed to the [M-
2H]2- ion of a minor species in which the secondary myristate

chain at position 30 is replaced with a laurate moiety (30). The
smaller peak at m/z 937.60 (Figure 6A, red line) is attributed to
[M- 2H]2- of a lipid A species bearing a diphosphate unit at the
1-position (structure not shown) (28, 36).

The negative ion spectrum of the lipid A isolated from RL25/
pM290A is more complex (Figure 6B). The peak at m/z 897.62,
arising from the residual wild-type lipid A, is relatively small.
Additional putative lipid A species are observed at m/z 911.64,
924.64, 925.65, 938.65 and 951.65, consistentwith the [M- 2H]2-

ions of lipid A molecules containing one or two longer hydro-
xyacyl chains with sixteen or eighteen carbon atoms (Figure 6B,
blue lines). The peak spacing suggests that some of these longer
acyl chains are unsaturated (see below). A corresponding series of
larger peak is seen for the lipidA diphosphate variant (Figure 6B,
red lines).
Analysis of the N-Linked Hydroxyacyl Chains of Lipid

A in RL25/pM290A. To demonstrate that the longer acyl
chains present in the lipid A of RL25/pM290A (Figure 6B) were
incorporated by the mutant LpxD acyltransferase, the purified
lipid A was subjected to mild-alkaline hydrolysis (29). This
procedure removes all the ester-linked acyl chains (Figure 6A),
but not the amide-linked R-3-hydroxyacyl chains at the 2 and 20

positions, which are incorporated by LpxD (Figure 7A, inserted
structures). In this experiment, both [M - 2H]2- ions at m/z
475.24 (black line) and [M - H]- ions at m/z 951.49 (blue line)
were observed for the O-deacylated lipid A of RL25/pWT
(Figure 7A, far left and right structures). The additional singly
charged peak at m/z 871.52 (Figure 7A, green line) arises from
lipid A molecules that lost their anomeric phosphate group
during the mild acid hydrolysis used to cleave the Kdo-lipid A
linkage of LPS (Figure 7A, middle structure) (28). These 1-
dephosphorylated lipid A species are chemical artifacts, not
normally present in wild-type cells.

As shown in Figure 7B, all the [M-H]- and [M- 2H]2- ions
derived from the base-deacylated lipid A of RL25/pM290A
display heterogeneity indicative of the presence of longer N-
linked hydroxyacyl chains. This pattern accounts for the results
obtained with the intact lipid A prior to base treatment
(Figure 6B). The [M - H]- ions for the base deacylated lipid
A species at m/z 979.56, 1005.54, 1007.55, 1033.58, and 1059.58

Table 2: Hydroxyacyl-ACP Selectivity of Purified EcLpxD Variantsa

sp act. (nmol/min/mg)

EcLpxD

protein

R,S-3-

OHC14-ACP

R,S-3-

OHC16-ACP

selectivity

ratio

wild-type 997( 10 300( 13 C14/C16 (3.3)

M292A 84( 6 18( 3 C14/C16 (4.7)

M290A 52( 5 132( 2 C16/C14 (2.5)

aAbbreviations: R,S-3-OHC14-ACP, R,S-3-hydroxymyristoyl-ACP; R,
S-3-OHC16-ACP, R,S-3-hydroxypalmitoyl-ACP.

FIGURE 5: Complementation of the temperature-sensitive LpxD mutant RL25 with pWT or pM290A. Cells were streaked onto LB agar plates
containing 25 μg/mL chloramphenicol and 0.1% L-arabinose and incubated overnight at 30 or 42 �C, as indicated. Panel A, RL25 harboring the
vector control pBAD33. Panel B, RL25/pWT. Panel C, RL25/pM290A.
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(Figure 7B, blue lines) are consistent with the incorporation
of one or two longer N-linked hydroxyacyl chains with sixteen
or eighteen carbon atoms by the LpxD variant M290A. The
species at m/z 951.49 (Figure 7B, blue line) is the same as
the predominant form observed in the wild-type, which contains
two R-3-hydroxymyristate substituents (Figure 7A). The species
at m/z 1007.55 (+ 56.06 amu relative to 951.49) are consistent
with a lipid A molecule containing two N-linked R-3-hydroxy-
palmitate units, and the species at m/z 1059.58 (+52.03

amu relative to 1007.55) are consistent with a lipid A molecule
bearing two N-linked R-3-hydroxy-cis-vaccenate units, but this
hypothesis remains to be verified with additional structural
studies.

A similar series of higher mass peaks are seen both with the
[M - 2H]2- ions (Figure 7B, black lines) of the lipid A species
bearing two phosphate groups and with the [M-H]- ions of the
1-dephosphorylated lipid A species (Figure 7B, green lines). The
M290A variant of LpxD is therefore responsible by itself for the

FIGURE 6: ESI/MS of lipid A fromRL25 rescued at 42 �C by either pWT or pM290A. Panel A: ESI mass spectrum showing the doubly charged
[M - 2H]2- ions of the lipid A molecules from RL25/pWT grown at 42 �C. The inset shows the structure of the predominant wild-type lipid
A species giving rise to the ions at m/z 897.62. Panel B: Spectrum of the doubly charged [M - 2H]2- ions of the lipid A molecules from RL25/
pM290A grown at 42 �C, showing a more complex pattern indicative of the incorporation of longer acyl chains. The peaks labeled with arrows
correspond to predicted lipid A species containing either a monophosphate residue at the 1 position (blue lines) or a diphosphate group at the
1 position (red lines).

FIGURE 7: ESI/MSanalysis ofO-deacylated lipidA fromRL25 rescued bypWTor pM290A. PanelA:Negative ionESImass spectrumof lipidA
molecules fromRL25/pWTgrownat 42 �C.The far-right and far-left insets show the structuresof the predominantwild-typeO-deacylated lipidA
species, giving rise to the singly charged ions atm/z 951.49 (blue line) and to the doubly charged ions atm/z 475.24 (black line), respectively. The
peak atm/z 871.52 (green line) arises from lipid Amolecules that lost their anomeric phosphate group during the mild acid hydrolysis procedure
used to prepare the sample (28). Panel B: Corresponding spectrum of theO-deacylated lipid Amolecules fromRL25/pM290A, showing that the
series of longer acyl-chains present in this material are mostly N-linked. Their masses are consistent with the incorporation of one or two R-3-
hydroxypalmitate and/orR-3-hydroxy-cis-vaccenate moieties in place ofR-3-hydroxymyristate at positions 2 and 20. This series of longer chains
are seen with both the singly (blue lines) and the doubly charged (black lines) lipid A ions, and with the 1-dephosphorylated lipid A species (green
lines). The peaks noted with arrows correspond to predicted lipid A species. The remaining peaks have not been identified.
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longer hydroxyacyl chains present in the lipid A of RL25/
pM290A (Figure 6B).
Symmetrical Distribution of the N-Linked Hydroxyacyl

Chains in RL25/pM290A Lipid A. The presence of some 1-
dephosphorylated lipid A molecules (Figure 7) after combined
mild-acid and mild-base treatment afforded an opportunity to
evaluate the lengths of the hydroxyacyl chains attached to the 20

position (Figure 8A). The 1-dephosphorylated lipid A species
(Figure 7A, middle structure) undergo cross-ring cleavage of
their proximal unit during collision-induced activation (37). The
major fragment ions in the negative mode consists of the distal
glucosamine unit with its amide-linked fatty acid at the 20

position plus a portion of the proximal glucosamine ring
(Figure 8B), permitting an unambiguous assessment of acyl
chains present at the 20 position.

MS/MS analysis of each of the [M - H]- ions (Figure 8A,
green numbers) arising from the various 1-dephosphosphory-
lated species (Figure 7B, green lines) revealed the lengths of the
N-linked hydroxyacyl chains attached to the distal glucosamine
unit (Figures 8A and 8B). The fragmentation pattern is simple
(Figure 8A) and provides additional evidence for the efficient
incorporation ofN-linkedR-3-hydroxypalmitate andR-3-hydro-

xy-cis-vaccenate (in addition to some R-3-hydroxymyristate) by
the M290A variant of EcLpxD (Figure 8B). The ion at m/z
871.53 (Figure 8A), which is the same as the major ion in wild-
type lipidA (Figure 7A), gave rise to a single distal fragment atm/
z 586.28 (Figure 8A), consistent with the presence of R-3-
hydroxymyristate as the soleN-linked acyl chain at the 20 position
(Figure 8B). The ion at m/z 899.56 (Figure 8A) gave rise to two
ions from the distal unit, one at m/z 586.28 presumed to contain
R-3-hydroxymyristate, and the other at m/z 614.32, consistent
with the incorporation of R-3-hydroxypalmitate. The fact that
both of these ions arose from the same isobaric parent ion atm/z
899.56 demonstrates that the proximal unit must also contain a
mixture of N-linked hydroxymyristate and hydroxypalmitate.
The same considerations apply to the larger lipid A species of
RL25/pM290A at m/z 925.58, 927.59, 953.61, and 979.57
(Figure 8A and 8B). These findings furthermore suggest that
the N-acylation pattern of RL25/pM290A lipid A is fairly
symmetrical, and that the downstream enzymes of the lipid A
pathway do not select for or against the longer acyl chain variants
produced by M290A EcLpxD.
Primary Sequence Patterns in Other LpxDOrthologues.

Evidence that the region around the M290 side chain is involved

FIGURE 8: ESI/MS/MS analysis ofO-deacylated and 1-dephosphorylated lipidAmolecules obtained fromRL25/pM290A. PanelA: Each of the
singly chargedmonoisotopic ions indicated in green, which arise from theO-deacylated and 1-dephosphorylated lipidAmolecules prepared from
RL25/pM290A (Figure 7B, green lines), were subjected toMS/MS analysis. The relevant portions of the spectra containing the ions that arise by
cross-ring cleavageof the proximal unit are shown.These fragmentation ionsdemonstrate that theM290Avariant ofEcLpxD is solely responsible
for the incorporation of N-linked R-3-hydroxymyristoyl, R-3-hydroxypalmitoyl, and/or R-3-hydroxy-cis-vaccenoyl chains at both the 2 and 20
positions of lipid A, consistent with Scheme 1. Panel B: Possible structures of the fragment ions giving rise to the peaks shown above. The actual
material may consist of an isobaric mixture of related cross-ring cleavage products.
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in determining the hydroxyacyl-ACP selectivity of LpxDs from
other Gram-negative bacteria with known lipid A structures
(2, 10) was obtained by sequence comparisons. Figure 9 shows
19 LpxD sequences grouped by the dominant hydroxyacyl-chain
attached to the 2 and 20 positions of their lipidA.These sequences
were divided into two groups, separated by the black line in
Figure 9. The top 11 LpxDs are known (or presumed) to utilize
12- or 14-carbon hydroxyacyl-ACPs (2, 10); the bottom 8 LpxDs
are presumed to use 16-carbon (or longer) hydroxyacyl-ACPs.
Consistent with the key role of the M290 side chain in determin-
ing the length of the hydroxyacyl chain incorporated by EcLpxD,
8 out of the 11 sequences in the top group contain amethionine or
leucine side chain at the position equivalent toM290 of EcLpxD,
and none have a glycine residue at this location. Furthermore, 5
of the 8 sequences in the lower group contain glycine at this
position, as seen in CtLpxD. The only exception is LpxD from
Coxiella burnetii. However, based on its lipid A structure, this
LpxD orthologue is predicted to utilize a branched R-3-hydro-
xyacyl-ACP as its donor substrate (38).

DISCUSSION

Whereas most enzymes of lipid metabolism are integral
membrane proteins (39-41), the first three enzymes of lipid A
biosynthesis (LpxA, LpxC and LpxD) (Scheme 1) are soluble
(2, 3). Consequently, there has been considerable recent progress
in determining their high-resolution structures (5) (33, 42)
(43-45). Buetow et al. reported the first crystal structure of an
LpxD orthologue, that of C. trachomatis (Scheme 1B). Like E.
coli LpxA (33), CtLpxD is a homotrimer (Figure 1) containing
multiple hexad repeats. These units fold into a left-handed
parallel β-helix (LβH), consisting of 18 amino acid residues per
coil (42).Most proteins with LβHdomains are homotrimers with
three identical active sites located between adjacent pairs of
subunits (Figure 1). Hexad repeats and their predicted LβH

domains are easily identifiable in the primary sequences of
proteins, many of which are hydroxyacyl, succinyl or acetyl
transferases (5, 33, 46-49). E. coli K-12 contains at least eight
proteins of this kind (50).

Based on the structure of C. trachomatis lipid A, CtLpxD is
proposed to incorporate a R-3-hydroxyarachidoyl chain at
the glucosamine 2 position of UDP-3-O-(myristoyl)-GlcN
(Scheme 1B) (12). However, in vitro assays of CtLpxD have
not been reported, and CtLpxD was not crystallized with a
bound physiologically relevant substrate (5). It is therefore
difficult to assess the roles of conserved residues in themechanism
of CtLpxD catalysis (4).

We have previously reported quantitative assays and extensive
site-directed mutagenesis data for EcLpxD (4). We therefore
determined the crystal structure of EcLpxD, which is highly
selective for R-3-hydroxymyristoyl-ACP as its donor substrate
(Scheme 1A) (1, 4). The overall structure of EcLpxD is similar to
that of CtLpxD (Figure 1), but the orientations of its N- and
C-terminal domains relative to its LβH domain are different
(Figures 1, 2 and 3). When the N-terminal domains are super-
positioned by themselves, their structural similarity is more
apparent (Figure 2D). Their different orientations relative to
their associated LβH domains may be due to linker flexibility.
The most striking difference between the conformations of the
two proteins (Figures 2 and 3) is in the orientation of the
crossover peptides between the LβH and C-terminal domains,
resulting in a+120� rotationof theC-terminal domain relative to
the LβH domain in EcLpxD versus CtLpxD (Figures 2 and 3).
The function of the C-terminal domain is unknown, but its
deletion results in complete loss of EcLpxD activity (4).

The locations of the proposed active sites and the positioning
of the conserved catalytic residues EcLpxD H239 and
CtLpxD247 are very similar (Figure 4A). The electron density
in this region is strong for EcLpxD (Figure 4C). The H239A
variant of EcLpxD has no residual catalytic activity (4), leading

FIGURE 9: Conservation of the LpxD hydrocarbon ruler in Gram-negative bacteria. Primary sequence alignments of various LpxD orthologues
were made using Kalign (56) and are grouped together with their predicted hydroxyacyl-ACP substrates, as inferred from the dominant acyl
chains attached to the 2 and 20 positions of their lipid As (2, 10). The sequences are arranged from shortest acyl-chain length (top) to longest chain
length (bottom). LpxDs that prefer fourteen-carbon or shorter hydroxyacyl-ACPs are above the line. LpxDs that prefer sixteen-carbon or longer
hydroxyacyl-ACPs are below. The proposed hydrocarbon ruler region is highlighted with its methionine and leucine residues in yellow; the
corresponding glycine residues of the longer chain selective LpxD variants are shown in green. Basic residues that have been proposed to interact
with the hydroxyacyl-ACP donor substrate (4) are highlighted in blue. The region connecting the distal end of the LβH to theC-terminal domain
(Figure 3) is highlighted in black. An asterisk denotes the possible presence of branched-chain fatty acids.
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to the proposed mechanism shown in Scheme 2, in which H239
functions as the catalytic base; this contrasts with the suggestion
that H247 of CtLpxD might stabilize the oxyanion intermediate
formed during the acylation process (5). Alternatively, we
propose that the backboneN-atom of G257 (a residue conserved
in all LpxDs) functions as part of the oxyanion hole (Scheme 2).
As shown previously, even H125 and G143 of EcLpxA (the
corresponding catalytic base and oxyanion hole) superposition
nicelywithH247 andG265ofCtLpxD (4).All LpxDs andLpxAs
may share similar mechanisms of action.

In contrast to CtLpxD, there is no evidence for the presence
of bound free fatty acids in EcLpxD (Figures 1, 2 and 4). The
related hydrophobic cleft of EcLpxD, corresponding to the
region where palmitate is bound in CtLpxD, is significantly
smaller (Figure 4A). The M290 side chain of EcLpxD occludes
the distal end of this cleft, which would interfere with the binding
of fatty acids longer than fourteen carbon atoms (Figure 4A
and 4C). The M290A variant of EcLpxD indeed prefers longer
hydroxyacyl chains in its donor substrate, both in vitro (Table 2)
and in vivo (Figures 6, 7 and 8). Amethionine or a similarly bulky
residue is conserved among most LpxD orthologues that prefer
fourteen carbon or shorter hydroxyacyl-ACPs (Figure 9). This
residue is replaced by glycine in CtLpxD and most other LpxD
orthologues that utilize longer hydroxyacyl-ACPs (Figure 9).

We suggest that the palmitate-binding region onCtLpxD is the
acyl chain-recognition site for R-3-hydroxyarachidoyl-ACP, and
not of UDP-3-O-(myristoyl)-GlcN (5) (Scheme 1B). The location
of the latter’s acyl chain-binding site is uncertain.However, based
on previous complementation studies, it is known that EcLpxD is
not strictly R-3-hydroxymyristate dependent with regard to its
acceptor substrate. Replacement of the R-3-hydroxymyristate-
selective EcLpxAwith theR-3-hydroxydecanoate-selective Pseu-
domonas LpxA results viable E. coli cells that the produce a
hybrid lipid A molecule containing R-3-hydroxydecanoate at
positions 3 and 30, and R-3-hydroxymyristate at positions 2 and
20 (51, 52).

The observation that the longer-than-normalN-linked hydro-
xyacyl chains present in RL25/pM290A are equally distributed
between the proximal and distal units of lipid A (Figure 8) shows
that the downstream enzymes of the pathway, LpxH and LpxB
(Scheme 1) (3), do not prefer one acyl chain length over another.
The lengths of the acyl chains present in E. coli lipid A are
determined primarily by acyltransferase selectivity, as seen in cells
expressing theM290A variant of LpxD (Figures 6, 7 and 8); they
are much less dependent upon the acyl-ACP pools. However, an
interesting exception is seen in E. coli grown in the presence of
propionate (53); these cells can prime their fatty acid biosynthetic
pathway with either propionyl- or acetyl-coenzyme A, and thus
generate significant quantities of odd-chain acyl-ACPs. A por-
tion of the odd-numbered acyl chains is incorporated into lipid A
under these conditions (53). EcLpxA and EcLpxD apparently
cannot distinguish between acyl chains differing in length by only
one carbon atom.

The LpxD acyltransferase may be a superior target for
antibiotic design (3). Not only would cells fail to grow because
they would not be able to make lipid A (54), but in addition
the cells might accumulate the LpxC product UDP-3-O-(acyl)-
GlcN, a potentially toxic, detergent-like molecule (Scheme 1) (3).
ESI/MS studies indicate that this substance does indeed accu-
mulate at 42 �C in RL25 (D. Zeng, C. M. Bartling and C. R. H.
Raetz, unpublished). Potent inhibitors of LpxD have not been
reported.

To understand the mechanism of EcLpxD in greater detail, it
will be necessary to crystallize it together with a physiological
ligand, such as R-3-hydroxymyristoyl-ACP or UDP-2,3-diacyl-
GlcN (Scheme 1A). Most of the E. coli LpxA residues involved
in substrate recognition are now known because structures
with bound UDP-GlcNAc (33, 34), UDP-3-O-(R-3-hydro-
xymyristoyl)-GlcNAc and (R-3-hydroxydecanoyl)-GlcNAc have
been reported (33). Recent studies with Leptospira interrogans
LpxA have provided further insights into sugar nucleotide
selectivity and phosphopantetheine binding (55).

RL25/pM290A is the first example of an E. coli construct in
which cells synthesize lipid A molecules with longer than normal
N-linked hydroxyacyl chains. The composition of the outer
membrane of RL25/pM290A, its permeability to small mole-
cules, and the immunostimulatory properties of its lipidAmaybe
altered in ways that might be useful for the development of novel
vaccines.
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