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Francisella tularensis and related intracellular pathogens synthe-
size lipid A molecules that differ from their Escherichia coli coun-
terparts. Although a functional orthologue of [pxK, the gene encod-
ing the lipid A 4'-kinase, is present in Francisella, no 4'-phosphate
moiety is attached to Francisella lipid A. We now demonstrate that
a membrane-bound phosphatase present in Francisella novicida
U112 selectively removes the 4'-phosphate residue from tetra- and
pentaacylated lipid A molecules. A clone that expresses the F. novi-
cida 4'-phosphatase was identified by assaying lysates of E. coli col-
onies, harboring members of an F. novicida genomic DNA library,
for 4’-phosphatase activity. Sequencing of a 2.5-kb F. novicida DNA
insert from an active clone located the structural gene for the
4'-phosphatase, designated IpxF. It encodes a protein of 222 amino
acid residues with six predicted membrane-spanning segments.
Rhizobium leguminosarum and Rhizobium etli contain functional
IpxF orthologues, consistent with their lipid A structures. When F.
novicida LpxF is expressed in an E. coli LpxM mutant, a strain that
synthesizes pentaacylated lipid A, over 90% of the lipid A molecules
are dephosphorylated at the 4’-position. Expression of LpxF in wild-
type E. coli has no effect, because wild-type hexaacylated lipid A is
not a substrate. However, newly synthesized lipid A is not dephos-
phorylated in LpxM mutants by LpxF when the MsbA flippase is
inactivated, indicating that LpxF faces the outer surface of the inner
membrane. The availability of the IpxF gene will facilitate re-engi-
neering lipid A structures in diverse bacteria.

Francisella tularensis is an intracellular Gram-negative pathogen that
causes tularemia, a severe and often fatal pulmonary infection of
humans and animals (1, 2). Francisella novicida U112 is an environmen-
tal isolate that is relatively easy to grow and is much less virulent (3). It is
amodel system for studying F. tularensis biochemistry. The lipopolysac-
charide (LPS)? of F. tularensis and F. novicida shows low toxicity when
compared with Escherichia coli LPS (4, 5). This phenomenon may be
due to the unusual structure of the lipid A moiety of Francisella LPS
(Fig. 1), which is tetraacylated and lacks the 4'-phosphate residue (6, 7).
In contrast, E. coli lipid A (Fig. 1) is hexaacylated and is phosphorylated
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at both the 1- and 4'-positions (8, 9). E. coli lipid A is a potent activator
of toll-like receptor 4 of the mammalian innate immune system (10, 11).
The phosphate groups of lipid A are crucial for this bioactivity (12, 13).
Lipid A variants lacking both phosphate groups are inactive. Mono-
phosphorylated lipid A analogues retain some of the immunostimula-
tory properties of native lipid A, but they are not toxic and are often used
as adjuvants (14-17).

Although they possess an orthologue of LpxK, the kinase that incor-
porates the lipid A 4'-phosphate group (18, 19), F. tularensis and related
organisms synthesize lipid A molecules lacking the 4'-phosphate moiety
(6,7). Similar phosphate-deficient lipid A variants have been reported in the
plant endosymbionts Rhizobium etli and Rhizobium leguminosarum (20—
22). A specific lipid A 4'-phosphatase is present in the membranes of
these organisms (23—25), but the structural gene encoding the 4'-phos-
phatase has not been identified.

We have recently cloned an inner membrane phosphatase, desig-
nated LpxE, from F. novicida (26) that selectively removes the 1-phos-
phate group of lipid A. We now report the expression cloning of a
distinct F. novicida 4'-phosphatase by assaying members of an F. novi-
cida U112 genomic DNA library (26) harbored in E. coli. Because E. coli
does not contain an endogenous 4'-phosphatase (23), pools of five
extracts were prepared from individual clones of the library and assayed
for 4’-phosphatase activity. A single colony (XW4/pXYW4), expressing
high levels of 4'-phosphatase, was identified and characterized.
Sequencing of a 2.5-kb F. novicida DNA insert present in pXYW4
revealed the structural gene ([pxF) for the 4'-phosphatase. The
sequence of LpxF, a protein of 222 amino acids, is not closely related to
that of LpxE (26-28), but both enzymes contain six predicted trans-
membrane segments and share two of the three catalytic motifs found in
many other lipid phosphate phosphatases (29). The [pxF gene was over-
expressed in E. coli to produce large amounts of catalytically active
enzyme. LpxF dephosphorylates the 4'-position of penta- and tetraacy-
lated lipid A species but not of the hexaacylated lipid A normally made
by wild-type E. coli. Expression of IpxF in E. coli MLK1067, a strain that
synthesizes pentaacylated lipid A because of a mutation in the [paM
gene (30), results in the production of lipid A molecules that are almost
completely dephosphorylated at the 4'-position. Unlike lipid A biosyn-
thesis per se, the activity of LpxF is dependent upon the MsbA trans-
porter in living cells (26, 31), indicating that its active site faces the
periplasm. The availability of the [pxF gene should facilitate the re-en-
gineering of lipid A structures in diverse Gram-negative bacteria and
may prove useful for vaccine development.

EXPERIMENTAL PROCEDURES

Materials—[y->*P]ATP and *?P, were obtained from PerkinElmer
Life Sciences. Glass-backed 0.25-mm Silica Gel 60 TLC plates were
from Merck. Chloroform, ammonium acetate, and sodium acetate were
obtained from EM Science, and pyridine, methanol, and formic acid
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FIGURE 1. Structures of lipid A molecules from
E. coliand F. tularensis. A, the major lipid A molecu-
lar species of E. coli is a hexaacylated disaccharide of
glucosamine, substituted with monophosphate
groups at the 1-and 4'-positions. About one-third of
the molecules contain a diphosphate residue at posi-
tion 1, as indicated by the dashed line (9, 69). B, the
lipid A of F. tularensis 1547-1557 is a tetraacylated
disaccharide of glucosamine, substituted with a
galactosamine phosphate unit at the 1-position (7),
which is similar to the more common 4-amino-4-
deoxy-L-arabinose present in polymyxin-resistant
strains (35, 70). G, the E. coli precursor [4'->2P]lipid IV,
was used to assay the 4’-phosphatase (18). D, penta-
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were from Mallinckrodt. Trypticase soy broth, yeast extract, and tryp-
tone were purchased from Difco. PCR reagents were purchased from
Stratagene, and restriction enzymes were from New England Biolabs.
The Easy-DNA kit was from Invitrogen. The Spin Miniprep and gel
extraction kits were from Qiagen. Shrimp alkaline phosphatase was pur-
chased from the U. S. Biochemical Corp. Bicinchoninic (BCA) protein
assay reagents (32) were from Pierce. E. coli phospholipids were pur-
chased from Avanti.

Bacterial Growth Conditions and Membrane Preparation—F. novi-
cida U112 was grown at 37 °C in 3% trypticase soy broth supplemented
with 0.1% cysteine (33). E. coli strains were grown at 37 or 30 °C in LB
broth (1% tryptone, 0.5% yeast extract, and 1% NaCl) (34) with one of the
following antibiotics, as appropriate: ampicillin (100 ug/ml), chloram-
phenicol (30 ug/ml), and kanamycin (30 ug/ml). Table 1 describes the
various bacterial strains and plasmids used.

The same procedures were used to prepare membranes from either F.
novicida or E. coli. Typically, 100-ml cultures were grown to A, of 1.0.
The cells were harvested by centrifugation at 4 °C. All subsequent steps
were carried out at 4 °C or on ice. The cell pellets were washed with 50
mM HEPES, pH 7.5, and resuspended in 10 ml of the same buffer. The
cells were disrupted by one passage through a French pressure cell at
18,000 p.s.i, and unbroken cells were removed by centrifugation at
10,000 X g for 20 min. The membranes were collected by centrifugation
at 100,000 X g for 1 h, washed once by suspension in 10 ml of 50 mm
HEPES, pH 7.5, and then resuspended in the same buffer at a protein
concentration of about 5 mg/ml. The cytosol was double-spun. Protein
concentrations were determined by the bicinchoninic acid assay with
bovine serum albumin as the standard (32).
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Preparation of Lipid IV,—The substrate [4'-**P]lipid IV, was gen-
erated from [y->P]ATP and the tetraacyldisaccharide 1-phosphate
using the overexpressed lipid A 4'-kinase present in membranes of
E. coli BLR(DE3)/pLysS/pJK2 (18, 25).

Lipid IV, carrier was isolated from a triple mutant of E. coli MKV15,
which makes lipid A lacking secondary acyl chains (30). Briefly, the cells
were grown, harvested by centrifugation, and washed with phosphate-
buffered saline. Glycerophospholipids were extracted with a single-
phase Bligh-Dyer mixture. The lipid IV, was recovered from the cell
residue by a second Bligh-Dyer extraction following hydrolysis at 100 °C
in sodium acetate buffer, pH 4.5, in the presence of 1% SDS (35). The
lipid IV, was then purified by chromatography on a DEAE-cellulose
column, followed by a C18 reverse phase column, as described previ-
ously (36, 37).

Assay for the 4'-Phosphatase of F. novicida—The 4'-phosphatase was
assayed at 30 °C. The reaction mixture contains 50 mM potassium phos-
phate, pH 6, 0.1% Triton X-100, 0.1 mg/ml E. coli phospholipids, and 10
M [4'->*P]lipid IV, (3000 —6000 cpm/nmol). The reaction was termi-
nated by spotting 5-ul samples onto a silica TLC plate. The plate was
developed in the solvent of chloroform, pyridine, 88% formic acid, water
(50:50:16:5, v/v). After drying and overnight exposure of the plate to a
PhosphorImager screen, product formation was detected and quanti-
fied with a Storm PhosphorImager (Amersham Biosciences), equipped
with ImageQuant software.

Expression Cloning of the F. novicida 4'-Phosphatase Gene lpxF—Re-
combinant DNA manipulations were carried out according to standard
protocols (38, 39). Genomic DNA was isolated from F. novicida U112
using the Easy DNA kit. Typically, 50 ug of genomic DNA was partially
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TABLE 1
Bacterial strains and plasmids used in this study

Lipid A 4’-Phosphatase of Francisella novicida

Strain or plasmid

Genotype or description

Source or Ref.

Strains
U112 Wild-type F. novicida Dr. F. Nano, University of Victoria, Canada
w3110 Wild-type E. coli, F~, A\~ E. coli Genetic Stock Center (Yale University)
W3110A W3110 aroA::Tnl0 31
W3110B W3110 aroA:Tnl0 lpxM::Qcam This work
WD2 W3110 aroA:Tnl0 msbA2 (A270T) 31
XWwW2 W3110 aroA::Tnl0 lpxM::Qcam msbA2 (A270T) This work
XL1-Blue recAl endA1 gyrA96 thi-1 hsdR17 supE44 relAl lac Stratagene
XW4 XL1-Blue transformed by pXYW4 This work
NovaBlue E. coli host strain used for expression Novagen
NovaBlue/pET28b NovaBlue transformed by pET28b This work
NovaBlue/pET28b-LpxF NovaBlue transformed by pET28b-LpxF This work
MLK1067 W3110 IlpxM:Qcam 45, 50
MLK1067/pWSK29 MLK1067 transformed by pWSK29 This work
MLK1067/pW SK29-LpxF MLK1067 transformed by pWSK29-LpxF This work
XL1-Blue/pWSK29 XL1-Blue transformed by pWSK29 This work
XL1-Blue/pWSK29-LpxF XL1-Blue transformed by pWSK29-LpxF This work
W3110B/pWSK29 W3110B transformed by pWSK29 This work
W3110B/pWSK29-LpxF W3110B transformed by pWSK29-LpxF This work
XW2/pWSK29 XW2 transformed by pWSK29 This work
XW2/pWSK29-LpxF XW?2 transformed by pWSK29-LpxF This work

Plasmids
pACYC184 Low copy vector, Tet" Cam" New England Biolabs
pXYW4 pACYC184 with a 2.5-kb insert of F. novicida This work

genomic DNA that includes lpxF

pET28b Expression vector, T7lac promoter, Kan" Novagen
pET28b-LpxF pET28b harboring lpxF This work
pWSK29 Low copy vector, Amp” 42
pWSK29-LpxF pWSK29 harboring IpxF This work

digested with 4 units of SaullIAI in 200 wl at 37 °C for 1 h. The reaction
was then incubated at 65 °C for 20 min to inactivate the enzyme. The
products were resolved on a 1% agarose gel, and the 2—6-kb DNA frag-
ments were excised and purified using the gel extraction kit. Plasmid
pACYC184 was opened with BamHI, purified by gel electrophoresis,
and treated with shrimp alkaline phosphatase. The 2—6-kb DNA frag-
ments were then ligated into pACYC184 at 16 °C overnight in a 25-ul
reaction mixture, containing 200 ng of genomic DNA fragments, 200 ng
of pACYC184 vector, and 2 units of T4 DNA ligase (26). E. coli XL1-
Blue cells were transformed by electroporation with the ligation mix-
ture, and chloramphenicol-resistant colonies were selected on LB
plates. About 15,000 colonies were pooled using a cell scraper and trans-
ferred into 250 ml of fresh LB broth, containing 30 wg/ml chloramphen-
icol. Cells were grown to saturation, and then 2-ml stocks adjusted to
16% glycerol were prepared and stored at —80 °C.

To screen for the 4'-phosphatase gene, a glycerol stock of the library
was diluted to obtain about 200 colonies per LB plate, containing 30
pg/ml chloramphenicol. The plates were incubated at 37 °C overnight.
The single colonies were inoculated into 6 ml of LB broth and grown
overnight. Next, 1-ml portions of the overnight cultures were stored as
glycerol stocks. The remaining 5-ml portions of the overnight cultures
were pooled into groups of five. Cell-free extracts were then prepared
from the pools and assayed for 4'-phosphatase activity. A total of 200
pools was assayed over the course of 3 weeks. The individual clones
from one pool (out of a total of two positive pools) with measurable
4’-phosphatase activity were recovered and grown individually to late
log phase in 50 ml of LB broth containing 30 ug/ml chloramphenicol.
The cell-free extracts of these cultures were again assayed for 4'-phos-
phatase. Only one positive clone expressing the 4’-phosphatase activity
was found and was designated as XW4.

The hybrid plasmid (pXYW4) present in XW4 was isolated using the
Qiagen Spin Miniprep kit. Its F. novicida DNA insert was sequenced by
using the Terminator Cycle system and an ABI Prism 377 instrument at
the Duke University DNA Analysis Facility. Using the program ORF
Finder (40), we identified a putative open reading frame in the 2.5-kb
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insert that is distantly related to members of the nonspecific acid phos-
phatase family (29), as judged by BLASTp analysis (41). This potential
open reading frame contains a 669-bp DNA fragment and starts with
TTG. It was amplified by PCR and cloned into the pET28b vector
behind the T7lac promoter. The forward primer was 5'-GCGCGC-
CATGGCAAGATTTCATATCATATTAGGTT-3". It was designed
with a clamp region, an Ncol restriction site (underlined), and a match
to the coding strand starting at the putative translation initiation sites.
The reverse primer was 5'-GCGCGCCTCGAGTCAATATTCT-
TTTTTACGATACATTAGTG-3’, which was designed with a clamp
region, an Xhol restriction site (underlined), and a match to the anti-
coding strand including the stop codon. The PCR was performed using
Pfu polymerase and plasmid pXYW4 as the template. Amplification was
carried out in a 100-ul reaction mixture containing 100 ng of template,
250 ng of primers, and 2 units of Pfu polymerase. The reaction was
started at 94 °C for 1 min, followed by 25 cycles of denaturation (30 s at
94.°C), annealing (30 s at 55 °C), and extension (45 s at 72 °C). After the
25th cycle, a 10-min extension time was used. The reaction product was
analyzed on a 1% agarose gel. The desired band was excised and gel-
purified. The PCR product was then digested using Ncol and Xhol and
ligated into the expression vector pET28b that had been similarly
digested and treated with shrimp alkaline phosphatase. The ligation
mixture was transformed into XL1-Blue cells, and the kanamycin-resis-
tant colonies were selected on LB plates. The plasmid pET28b-LpxF was
isolated and transformed into NovaBlue cells after the structure of the
insert was confirmed by DNA sequencing. Massive overexpression of
4’-phosphatase activity was observed in membranes of NovaBlue/
pET28b-LpxF, but not of NovaBlue/pET28b.

To construct pWSK29-LpxF, pET28b-LpxF was digested using Xbal
and Xhol, and the insert was ligated into the vector pWSK29 (42) that
had been similarly digested and treated with shrimp alkaline phospha-
tase. The ligation mixture was transformed into XL1-Blue cells, and
ampicillin-resistant transformants were selected on LB plates. The plas-
mid pWSK29-LpxF was isolated from a positive clone and transformed
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into MLK1067 (lpxM) to obtain MLK1067/pWSK29-LpxF. The strains
and plasmids constructed in this study are summarized in Table 1.

Isolation of Lipid A Species from **P-labeled Cells— Typically, 20 ml of
LB broth cultures were labeled with 5 uCi/ml **P,, starting at an initial
Agoo 0f 0.02. The **P-labeled cells were grown to A of 1.0, harvested,
and washed with phosphate-buffered saline. The pellets were resus-
pended in 3 ml of a single-phase Bligh-Dyer mixture (43), incubated at
room temperature for 60 min, and centrifuged to collect the pellets. The
lipid A is covalently attached to the LPS in the insoluble pellets. To
recover the lipid A, the pellet was resuspended in 3 ml of 12.5 mm
sodium acetate, pH 4.5, containing 1% SDS, and heated at 100 °C for 30
min (35, 44). The suspension was converted to a two-phase Bligh-Dyer
system by the addition of chloroform and water. After thorough mixing,
the two phases were separated by centrifugation, and the upper phase
was washed once with a fresh pre-equilibrated lower phase. The lower
phases were pooled and dried under a stream of nitrogen. The dried
lipids were re-dissolved in chloroform and methanol (4:1, v/v). The
32P_labeled lipid A species were spotted onto a TLC plate (10,000 cpm/
lane), which was developed in the solvent of chloroform, pyridine, 88%
formic acid, water (50:50:16:5, v/v). After drying, the plates were
exposed to a PhosphorImager Screen overnight.

To isolate **P-labeled hexaacylated or pentaacylated lipid A for use as
4'-phosphatase substrates, the plates were exposed to x-ray film to
locate the relevant lipid A species. The compounds were scraped off the
plates, and the silica chips were extracted with a single-phase Bligh-
Dyer mixture for 1 h at room temperature. The suspension was centri-
fuged. The supernatant was passed through a Pasteur pipette fitted with
a small glass wool plug and converted into a two-phase Bligh-Dyer sys-
tem. The two phases were separated by centrifugation. The lower phase,
containing the **P-labeled lipid A, was dried, and the **P-labeled lipid A
was resuspended in 50 mM potassium phosphate, pH 6, with sonic irra-
diation in a bath apparatus and used for the in vitro 4’-phosphatase
assay, as described above.

Preparation of 4'-Dephospho-pentaacylated Lipid A and Its 1-Diphos-
phate Derivative—The 4'-dephospho-pentaacylated lipid A and its
1-diphosphate derivative were isolated from the strain MLK1067/
pWSK29-LpxF and analyzed by using MALDI/TOF mass spectrometry.
The cell pellets from 1 liter were extracted for 1 h at room temperature with
a single-phase Bligh-Dyer mixture consisting of chloroform, methanol, and
water (1:2:0.8, v/v) and centrifuged. To recover the lipid A, the pellet was
resuspended in 50 ml of 12.5 mMm sodium acetate, pH 4.5, containing 1%
SDS and heated at 100 °C for 30 min (35, 44). The suspension was converted
to a two-phase Bligh-Dyer system by the addition of chloroform and meth-
anol. After thorough mixing, the two phases were separated by centrifuga-
tion, and the upper phase was washed once with a fresh pre-equilibrated
lower phase. The lower phases were pooled and dried under a stream of
nitrogen. The lipids were dissolved in chloroform, methanol, and water
(2:3:1, v/v) and applied to a 1-ml DEAE-cellulose column (35, 44). The lipid
A was eluted in steps with increasing amounts of ammonium acetate. The
4’-dephospho-pentaacylated lipid A was observed in fractions of 30 mm
ammonium acetate and its diphosphate derivative in fractions of 90 mm
ammonium acetate. Both fractions were pooled and converted to a two-
phase Bligh-Dyer system. The lower phase was dried and analyzed by
MALDI/TOF mass spectrometry.

MALDI/TOF Mass Spectrometry—Matrix-assisted laser desorption
ionization/time-of-flight (MALDI/TOF) mass spectra were acquired
using an AXIMA-CFR instrument from Kratos Analytical (Manchester,
UK) with a nitrogen laser (337 nm), 20-kV extraction voltage, and time-
delayed extraction. The samples were prepared for MALDI/TOF anal-
ysis by depositing 0.3 ul of the lipid sample, dissolved in chloroform and
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FIGURE 2. A membrane-bound 4’-phosphatase in F. novicida U112. A, membranes of
F. novicida U112, R. etli CE3, or E. coliW3110 (each at 0.2 mg/ml) were assayed at 30 °C for
30 min with 10 um [4'->?Pllipid IV, as substrate. B, the F. novicida 4'-phosphatase is
membrane-bound, as shown by comparison of the 4’-phosphatase activities in crude
extract (O, 10 ug/ml), membranes (@, 5 ug/ml) or cytosol (#, 10 ug/ml). The products
were separated by TLC with the solvent chloroform, pyridine, 88% formic acid, water
(50:50:16:5,v/v) and detected with a Phosphorlmager.

methanol (4:1, v/v), followed by 0.3 ul of a saturated solution of 6-aza-
2-thiothymine in 50% acetonitrile and 10% tribasic ammonium citrate
(9:1, v/v) as the matrix. The samples were left to dry at room tempera-
ture before the spectra were acquired in both the positive and negative
ion linear modes. Each spectrum was the average of 100 laser shots.

Disk Diffusion Tests—Overnight cultures of E. coli XL1-Blue/pWSK29,
MLK1067/pWSK29, XL1-Blue/pWSK29-LpxF, and MLK1067/pWSK29-
LpxF were diluted into LB broth to Ay, = 0.2. Lawns of each strain were
spread onto LB agar plates with a sterile cotton swab. Sterile filter paper
disks (6 mm diameter) were placed on top of the bacterial lawns, and 2
g of polymyxin was spotted onto each disk. The plates were incubated
overnight at 37 °C, and the diameters of the clear zones were measured.

P1,,, Transduction of the lpxM Mutation into W3110A and WD2—To
study the MsbA dependence of LpxF in living cells, we needed to con-
struct strains that contain both the msbA and the lpxM mutations,
because LpxF does not work on hexaacylated lipid A in vivo. Therefore,
the IpxM(msbB) mutation from strain MLK1067 (30, 45) was trans-
duced into the MsbA temperature-sensitive mutant WD?2 (31). Briefly,
cell pellets from 5 ml of overnight cultures of W3110A and WD2, grown
at 30 °C, were resuspended in 100 ul of 100 mm MgSO, and 5 mm CaCl,
and infected with 100 ul of the P1 ,, lysate of strain MLK1067 for 30 min
at 30 °C (34). Next, the cell culture was diluted into 7 ml of LB broth, and
1 M citrate was added to a final concentration of 20 mm. The cells were
shaken at 30 °C for 2 h, after which they were harvested and resus-
pended in 100 wl of LB broth containing 20 mM citrate. The cells were
spread onto LB agar plates, containing chloramphenicol and 4 mu cit-
rate, and were incubated at 30 °C for 2 days. Resistant colonies were
purified and then were tested for all relevant antibiotic markers and
temperature sensitivity. The two desired constructs, W3110B and XW2
(Table 1), were derived from W3110A and WD2, respectively.

The plasmids pWSK29 and pWSK29-LpxF were transformed into
W3110B and XW2 to yield W3110B/pWSK29, W3110B/pWSK29-
LpxF, XW2/pWSK29, and XW2/pWSK29-LpxF. All four strains were
grown at 30 °C in LB broth, supplemented with 100 ug/ml ampicillin,
until Ay, reached 1.0. Next, 10-ml portions of each culture were added
to 15 ml of fresh LB broth, equilibrated at 30 or 44 °C. The cells were
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FIGURE 3. Expression cloning of the F. novicida 4'-phosphatase in E. coli. A genomic
F. novicida U112 DNA library was transformed into E. coli XL1-Blue. A, extracts were pre-
pared from individual clones, pooled into groups of 5, and assayed at 30 °C for 60 min at
1 mg/ml, using [4'->2P]lipid IV, as the substrate. F. novicida U112 extracts were the pos-
itive controls and XL1-Blue/pACYC184 the negative controls. The 32P; and [4’->2P]lipid
IV, were separated by TLC, as in Fig. 2. Of the eight pools shown, only pool 4 had signif-
icant 4’-phosphatase activity. B, extracts from the five individual clones of pool 4 were
re-assayed, showing that only clone 43 (renamed XW4) was active.

shaken at these temperatures for another 30 min, labeled with ~5
wCi/ml *?P, for 20 min, and harvested (31). The **P-labeled lipid A
species were recovered from the solvent-extracted cell pellets by pH 4.5
hydrolysis in the presence of SDS (44) and analyzed by TLC.

RESULTS

Lipid A 4'-Phosphatase Activity in F. novicida U112—The F. tularen-
sis and F. novicida genomes contain the JpxK gene, which encodes the
lipid A 4'-kinase (18). The absence of the 4'-phosphate group in the
lipid A molecules made by these organisms (Fig. 1) might be explained
by a selective 4'-phosphatase, functioning at a later stage of lipid A
assembly. To identify a phosphatase of this kind, F. novicida U112 mem-
branes were assayed with the substrate [4'-**P]lipid IV, (Fig. 1). Rapid
release of inorganic phosphate from [4'-**P]lipid IV, was observed with
F. novicida but not E. coli membranes (Fig. 2A). R. et/i CE3 membranes,
which also contain a 4'-phosphatase (23, 25), were assayed in parallel.
The 4'-phosphatase activity of F. novicida membranes was much higher
than that of CE3, when normalized to protein (Fig. 24). The F. novicida
4'-phosphatase activity was linear with time and protein concentration
(Fig. 2B), and it was absent in the cytosol (Fig. 2B). The enzyme required
Triton X-100 and was stabilized by E. coli phospholipids (data not
shown). Standard conditions for the quantification of the 4’-phospha-
tase included 0.1 mg/ml E. coli phospholipids, 0.1% Triton X-100, and
50 mM potassium phosphate, pH 6.0. The 4’ -phosphatase specific activ-
ity of F. novicida U112 membranes, assayed with 10 uM [4'->*P]lipid IV
as the substrate, was 10.4 nmol/min/mg.

Expression Cloning of the 4'-Phosphatase of F. novicida U112—Previous
attempts to expression-clone or purify the 4'-phosphatase from R. etli or R.
leguminosarum were unsuccessful (25, 46). Rhizobium promoters do not
function efficiently in E. coli, and expression-cloning strategies are there-
fore cumbersome (46). In contrast, efficient expression in E. coli of several F.
novicida genes from their native promoters has been reported (26, 47). To
identify the structural gene for the F. novicida 4’ -phosphatase, a library of F.
novicida U112 genomic DNA was constructed in the vector pACYC184
(26) and then transferred into E. coli XL1-Blue. Extracts were prepared
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FIGURE 4. LpxF 4’-phosphatase activity expressed in E. coli. Membranes of the indi-
cated strains (0.2 mg/ml) were assayed for 4'-phosphatase activity at 30 °C for 30 min
with 10 um [4'->2P]lipid IV, and were analyzed as in Fig. 2.

from individual colonies of the library, pooled into groups of five, and
assayed for 4'-phosphatase activity with [4'-**P]lipid IV, as the substrate.
Approximately 200 pools were assayed. An extract of F. novicida U112 was
used as the positive control and an extract of E. coli XL1-Blue/pACYC184
as the vector control. The results of a typical screening assay are shown in
Fig. 3A. Strong 4'-phosphatase activity was observed in pool 4 but not in the
vector control or the other pools. Only one additional pool of the 200 that
were screened displayed 4’-phosphatase activity (data not shown). Next,
extracts of the five colonies contained in each of the two positive pools were
assayed individually, as shown in Fig. 3B for pool 4. Only the extract derived
from colony 43 was active. Likewise, only one colony was positive for
4'-phosphatase activity in the second active pool (data not shown). The
relevant plasmids were then isolated from the two positive colonies and
their inserts sequenced. Both were identical, and therefore only colony 43
(designated X'W4), recovered from pool 4, was further characterized. The
4’-phosphatase-specific activity of E. coli XW4 membranes, assayed with
10 pm [4'-**P]lipid IV, as substrate, was 2.0 nmol/min/mg,

Sequencing and Subcloning of F. novicida lpxF—The hybrid plasmid
pXYW4, present in XW4, contains a 2.5-kb genomic fragment of F.
novicida U112 DNA. Within this insert we found an open reading frame
of 669 bp encoding a putative protein of 222 amino acids with distant
similarity to the family of nonspecific acid phosphatases (29). This open
reading frame was amplified by PCR, ligated into pET28b, and trans-
formed into E. coli NovaBlue to obtain NovaBlue/pET28b-LpxF. Mem-
branes were prepared from isopropyl 1-thio-B-b-galactopyranoside-in-
duced cells and assayed for 4'-phosphatase activity with 10 um
[4/-3?P]lipid IV, as the substrate. Significant expression of 4'-phospha-
tase activity was seen with NovaBlue/pET28b-LpxF (Fig. 4, lane 4, spe-
cific activity of 12 nmol/min/mg) but not with the vector control (Fig. 4,
lane 3). Subcloning of the same 669-bp open reading frame behind the
lac promoter in pWSK29 yielded membranes from isopropyl 1-thio-3-
D-galactopyranoside-induced cells with a 4'-phosphatase-specific activ-
ity of 800 nmol/min/mg. The 669-bp DNA insert is therefore the prob-
able 4'-phosphatase structural gene, which we designate /jpxF. The LpxF
protein displays 99% identity to the unidentified protein FTT1643c of F.
tularensis Schu 4 (48), with an E value of ~10~ % (Table 2) in a two-
sequence BLASTp comparison (49). The full-length LpxF protein is
predicted to have six membrane-spanning segments (Fig. 5). The
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TABLE 2

Orthologs of F. novicida LpxF in other organisms

Possible orthologs in the NCBI data base as of January 5, 2006, were identified with the PSI-Blast algorithm, using the predicted F. novicida LpxF protein sequence as the
probe. The low complexity filter was removed. Homology is given as the number of identities/number of positives/number of residues (including gaps) in the related

segment when compared with F. novicida LpxF.

Organism Conserved domains Homology (gaps) E values
F. tularensis subsp. tularensis KDHWGRPRP-NCSFVCG-RMSQGGHFFSD 220/221/222(0) 1x10%
Nitrosococcus oceani KNHWDRARP-NCSFVCG-RIAQGAHFMSD 82/124/220(4) 6 X 1073
Magnetospirillum magnetotacticum MS-1 KDNWGRPRP-NCSFPSG-RIAQGGHFLSD 75/109/194(10) 3X 107
Rhodospirillum rubrum KENWGRARP-NCSFTSG-RIAVGGHFLSD 71/110/214(9) 1X10°2¢
Microbulbifer degradans 2-40 KDNSGRPRP-NCSFVSG-RIIQGGHFLSD 82/116/216(7) 2X 1072
Rhodopseudomonas palustris CGA009 KSHWGRPRP-NCSFFSG-RMAFGGHFFTD 70/111/219(2) 2X107%
Bradyrhizobium japonicum USDA 110 KTYWGRPRP-NCSFFSG-RMAFGGHFFTD 68/112/222(8) 1X10°2*
Agrobacterium tumefaciens strain C58 KAMIGRARP-NCSFSSG-RIAAGGHFLSD 63/107/203(5) 1xX10°18
Dechloromonas aromatica RCB KNHVGRARP-NCSFVSG-RMSTGGHFLSD 63/104/220(7) 1X107'8

1 Outside

R. leguminosarum
F. novicida
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FIGURE 5. Alignment of the LpxF sequences from F. novicida and R. leguminosarum. Conserved residues are in boldface type. The predicted LpxF proteins share two of the three
motifs that are common to the lipid phosphate phosphatase family, which are underlined. However, the NCSFX,G motif, which is indicated with an asterisk, appears to be LpxF-
specific. The Evalue in a two-sequence comparison is only 2 X 10~ ', Related LpxF orthologues in other organisms are listed in Table 2. The predicted transmembrane sequences are
indicated by rectangles. The hydrophilic sequences, connecting the transmembrane domains, are indicated by lines. The lower lines indicate cytoplasmic loops and the upper lines
periplasmic loops. The three conserved LpxF motifs are predicted to lie at or near the periplasmic surface of the inner membranes.

sequence of F. novicida LpxF has been deposited under GenBank™
accession number DQ364143.

Presence of an Orthologue of LpxF in R. leguminosarum—A possible
orthologue of F. novicida LpxF was identified by tBLASTn searching of
the R. leguminosarum genome (Fig. 5). The R. leguminosarum protein
consists of 233 amino acid residues with six predicted membrane-span-
ning segments. In a pairwise sequence comparison (49), R. leguminosa-
rum LpxF displays 33% identity and 47% similarity to F. novicida LpxF,
with an E value of 2 X 10~ '*, Both proteins contain motif 1 and most of
motif 3 of the three conserved motifs KX RP, PSGH, and SRX;HX,D
that are generally present in members of the nonspecific acid phospha-
tase family (29). However, motif 2 appears to be replaced with the
sequence NCSFX,G in R. leguminosarum and F. novicida LpxF.

When expressed in E. coli, R. leguminosarum lpxF likewise results in
the appearance of the 4'-phosphatase activity in cell membranes (data
not shown), albeit at a much lower specific activity than with F. novicida
lpxF. The LpxF orthologue encoded by the R. leguminosarum genome
probably accounts for the fact that R. leguminosarum lipid A lacks the
4'-phosphate moiety (21, 22). Selective inactivation of the [jpxF gene will
be required to prove that there are no other lipid A 4’-phosphatases in R.
leguminosarum or F. novicida. The sequence of R. leguminosarum LpxF
has been deposited under GenBank™ accession number DQ364144.

Absence of the Lipid A 4'-Phosphate Group in E. coli lpxM Mutants
Expressing lpxF—LpxF of F. novicida does not catalyze the dephospho-
rylation of phosphatidic acid, phosphatidylglycerophosphate, or the
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1-phosphate group of lipid A and lipid A precursors. LpxF 4'-dephos-
phorylates lipid IV , (Fig. 1) and Kdo,-lipid IV, at comparable rates but
only at the 4'-position. Most interestingly, LpxF does not utilize
hexaacylated lipid A (Fig. 1) or Kdo,-lipid A, the predominant molecu-
lar species made by wild-type E. coli K12 (see below). To study its sub-
strate specificity in vivo, LpxF was expressed in E. coli XL1-Blue and
MLK1067 (45). The former synthesizes hexaacylated lipid A, like E. coli
K12 W3110. The latter makes pentaacylated lipid A because of a muta-
tion in the lpxM(msbB) gene (30), which encodes the 3’ secondary lipid A
acyltransferase (50). Membrane proteins from XL1-Blue/pWSK29,
MLK1067/pWSK29, XL1-Blue/pWSK29-LpxF, and MLK1067/pWSK29-
LpxF were separated by SDS-PAGE, followed by staining with Coomassie
Blue. When compared with the vector controls (Fig. 64, lanes I and 3), an
additional protein was observed in membranes of XL1-Blue/pWSK29-
LpxF and MLK1067/pWSK29-LpxF at ~25 kDa (Fig. 64, lanes 2 and 4), the
predicted size for LpxF.

To determine whether or not LpxF dephosphorylates lipid A at the
4’-position in living cells, strains XLI1-Blue/pWSK29, XL1-Blue/
pWSK29-LpxF, MLK1067/pWSK29, and MLK1067/pWSK29-LpxF
were labeled with **P, for several generations. The **P-labeled lipid A
species were then isolated and separated by TLC. Only the unmodified,
wild-type hexaacylated lipid A and its 1-diphosphate derivative were
recovered from XL1-Blue/pWSK29-LpxF and the vector control XL1-
Blue/pWSK29 (Fig. 6B, lanes I and 2), showing that LpxF does not
catalyze 4’-dephosphorylation of hexaacylated lipid A in vivo. In con-
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FIGURE 6. Lipid A 4’-dephosphorylation in [pxM mutant MLK1067 expressing LpxF
but not in E. coli XL1-Blue. A, SDS-PAGE was used to analyze 25 pg of membrane
protein samples from each of the indicated strains. A band corresponding to the pre-
dicted molecular weight of LpxF is visible at ~25 kDa in membranes of cells expressing
LpxF. B, uniformly 32P-labeled lipid A species were extracted from the indicated strains
and analyzed by TLC, asin Fig. 2. The proposed lipid A structure for each band is indicated
schematically. The ovals represent glucosamine residues, the lines the acyl chains, and
the circles the phosphate groups. The left circle is the 4'- and right circle is the 1-phos-
phate group. The structures of E. coli wild-type and IpxM~ lipid A species are shown in
Fig. 1.

trast, two more rapidly migrating lipid A species accumulated in
MLK1067/pWSK29-LpxF (Fig. 6B, lane 4), when compared with the
vector control MLK1067/pWSK29 (Fig. 6B, lane 3). The R, values of
these lpxF-dependent lipid A species are consistent with 4’-dephospho-
rylation of the pentaacylated lipid A species made by MLK1067. The
4’-dephosphorylation of lipid A in MLK1067/pWSK29-LpxF is nearly
complete (>90%).

Selectivity of F. novicida LpxF for Pentaacylated Lipid A in Vitro—To
confirm the selectivity of LpxF for pentaacylated lipid A under standard
in vitro assay conditions, *’P-hexa- and pentaacylated lipid A (labeled at
both the 1- and the 4'-positions) were isolated from the appropriate
E. coli strains and labeled uniformly with **P,. The radioactive lipid A
species were purified by preparative TLC. Lipid A dephosphorylation
was assayed using membranes of E. coli expressing F. novicida LpxF
(Fig. 7). Under matched assay conditions, membranes of XL1-Blue/
pWSK29-LpxF did not dephosphorylate hexaacylated lipid A (Fig.
7A, lane 3) but did dephosphorylate pentaacylated lipid A (Fig. 7B,
lane 3).

Mass Spectrometry of 4'-Dephosphorylated Lipid A from MLKI1067/
pWSK29-LpxF—The apparent accumulation of 4’-dephosphorylated lipid
A and its 1-diphosphate derivative in MLK1067/pW SK29-LpxF (Fig. 6) was
confirmed by mass spectrometry (supplemental Fig. 1). Lipid A species
were isolated from 1 liter of late log phase cells and separated from contam-
inating phospholipids on a DEAE-cellulose column. The 4’ -dephosphoryl-
ated lipid A molecules bearing the 1-phosphate group (supplemental Fig.
2A) eluted with 30 mM ammonium acetate in the aqueous component,
whereas the 4'-dephosphorylated lipid A variant bearing the
1-diphosphate substitution (supplemental Fig. 2C) emerged with 90
mM ammonium acetate.

Supplemental Fig. 1A shows the negative ion MALDI/TOF mass
spectrum of the lipid A that elutes in the 30 mM fraction. The predom-
inant peak at m1/z 1507.8 is interpreted as the molecular ion [M — H] ™ of
a 4'-dephosphorylated, pentaacylated lipid A (supplemental Fig. 24),
which is the major species expected for MLK1067/pWSK29-LpxF. The
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FIGURE 7. Selectivity of LpxF for pentaacylated lipid A in vitro. Hexaacylated [>2P]lipid
A or pentaacylated [*2P]lipid A were purified from XL1-Blue/pWSK29 or MLK1067/
pWSK29 cells, respectively, grown in the presence of 32P; for several generations. The
LpxF assay was performed under standard conditions at 30 °C for 60 min with 0.2 mg/ml
membranes from cells expressing LpxF or the vector control. Each reaction mixture
loaded on the TLC plate contained 3000 cpm [3>2P]lipid A. The products were separated
by TLC, as in Fig. 2, and detected with a Phosphorlmager. Lane 1, no enzyme; lane 2,
XL1-Blue/pWSK29; lane 3, XL1-Blue/pWSK29-LpxF. A, hexaacylated [*2P]lipid Ais the sub-
strate. No reaction is observed. B, pentaacylated [>2P]lipid A is the substrate. Given that
both the 1-and 4’-positions are labeled with 32P in these substrates, both the 4'-dephos-
phorylated lipid product and the released inorganic phosphate are detected. The sche-
matic lipid A structures are as described in Fig. 6.

peak at m/z 1281.4 is derived from the parent ion at m/z 1507.8 by
neutral loss of a hydroxymyristoyl moiety. The peak at m1/z 1746.1 arises
from a distinct lipid A molecule bearing an additional palmitoyl chain,
likely generated in MLK1067/pWSK29-LpxF by the outer membrane
palmitoyltransferase PagP (supplemental Fig. 2B) (51).

The negative ion MALDI/TOF spectrum of the 90 mM ammonium
acetate fraction is shown in supplemental Fig. 1B. The predominant
peak at m/z 1587.8 is consistent with the parent ion of a 4’-dephospho-
rylated, pentaacylated lipid A variant, containing the 1-diphosphate
modification (supplemental Fig. 2C). The ion at m/z 1361.4 is derived
from the parent ion by neutral loss of a hydroxymyristoyl group. The
smaller peaks at 71/z 1507.9 and 1281 .4 likely arise from small amounts
of contaminating 4'-dephosphorylated pentaacylated lipid A, carried
over from the 30 mMm ammonium acetate elution step.

The lipid A molecules present in the 30 and 90 mm ammonium ace-
tate fractions were also analyzed in the positive ion mode (supplemental
Fig. 1, Cand D). In the 30 mM fraction, sodium ion adducts of the parent
compounds [M + Na]* of the 4’-dephosphorylated, pentaacylated lipid
A (supplemental Fig. 2A4) and its PagP derivative (supplemental Fig. 2B)
were observed at m/z 1530.9 and 1769.1, respectively (supplemental Fig.
1C). The smaller peak at m1/z 1553.0 is interpreted as the adduct ion
[M — H + 2Na] ™. The B{ ion at m/2797.3 and the B, ion at m/z 1411.0
(supplemental Fig. 1C) confirm that the lipid A species eluting with 30
mM ammonium acetate are 4'-dephosphorylated (supplemental Fig. 2,
A and B).

Supplemental Fig. 1D shows the positive ion spectrum of the lipid A
species eluting with 90 mM ammonium acetate, the putative 4'-dephos-
phorylated, pentaacylated lipid A variant, bearing the 1-diphosphate
moiety (supplemental Fig. 2C). The peak at m/z 1610.9 (supplemental
Fig. 1D) is interpreted as [M + Na] " (supplemental Fig. 2C), whereas
the peak at m1/21632.9 (supplemental Fig. 1D) arises from the adduct ion
[M — H + 2Na] " (supplemental Fig. 2C). The B} ion at /2 797.3 and
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FIGURE 8. Disk diffusion assays of E. coli strains expressing LpxF. Panel 1, XL1-Blue/
pWSK29; panel 2, XL1-Blue/pWSK29-LpxF; panel 3, MLK1067/pWSK29; and panel 4,
MLK1067/pWSK29-LpxF. As described under “Experimental Procedures,” 2 ug of poly-
myxin was applied to each disk. The polymyxin resistance seen in MLK1067/pWSK29-
LpxF is consistent with the 4’-dephosphorylation of its lipid A.

the B, ion at m/z 1411.1 (supplemental Fig. 1D) are essentially the same
as in supplemental Fig. 1C, confirming that the 1-diphosphate variant
(supplemental Fig. 2C) lacks a 4’-phosphate group. The smaller peak at
m/z 1433.1 arises from the adduct ion [B, — H + Na] ™, and the ion at
m/z 1530.9 is because of carryover of lipid A species from the 30 mm
ammonium acetate fraction.

Dephosphorylation of Lipid A by LpxF in MLKI1067 Confers Resist-
ance to Polymyxin—In E. coli and Salmonella typhimurium addition of
4-amino-4-deoxy-L-arabinose and phosphoethanolamine to the 4'-phos-
phate group of lipid A confers resistance to polymyxin and various cationic
antimicrobial peptides (9, 52). This resistance is probably because of the
reduction of the net negative charge of the lipid A, preventing these sub-
stances from penetrating the outer membrane. The 4'-dephosphorylation
oflipid A by LpxF also reduces the negative charge of lipid A. Consequently,
E. coli MLK1067, expressing LpxF, might be more resistant to polymyxin
than MLK1067 harboring the vector control. To test this idea, XL1-Blue/
pWSK29, XL1-Blue/pWSK29-LpxF, MLK1067/pWSK29, and MLK1067/
pWSK29-LpxF (Fig. 8) were evaluated with an antibiotic disk diffusion
assay. Only MLK1067/pWSK29-LpxF displayed resistance to polymyxin
versus its matched vector control, consistent with the fact that LpxF
dephosphorylates the 4'-position of the pentaacylated lipid A in MLK1067
but not of the hexaacylated lipid A in XL1-Blue (Fig. 6).

LpxF Activity in Cells Is Dependent Upon a Functional msbA Gene—To
determine whether or not the active site of LpxF faces the periplasmic
surface of the inner membrane, a derivative of WD2 (aroA:Tnl0
msbA2) (31) that harbors an inactivated [pxM gene was constructed by
P1,, transduction (Table 1). This strain, designated XW2, synthesizes
pentaacylated lipid A, bearing 1- and 4’-phosphate groups, at both 44
and 30 °C, as shown by pulse labeling with 32Pi (Fig. 9, lanes 3 and 7,
respectively). The isogenic control strain W3110B, which is wild-type
with respect to MsbA, synthesizes the same pentaacylated lipid A at
both temperatures (Fig. 9, lanes 1 and 5). When expressing the 4'-phos-
phatase from pWSK29-LpxF, W3110B synthesizes mostly 4'-dephos-
phorylated lipid A species at 44 and 30 °C (Fig. 9, lanes 2 and 6). In
contrast, when expressing the 4’-phosphatase from pWSK29-LpxF,
XW2 does not 4’-dephosphorylate newly synthesized lipid A efficiently
at 44 °C, following the inactivation of MsbA, although it does so effi-
ciently at the permissive temperature of 30 °C (Fig. 9, lanes 4 and 8,
respectively). The MsbA dependence oflipid A 4'-dephosphorylation in
living cells provides very strong evidence that the active site of the
4’-phosphatase faces the outer surface of the inner membrane, as dem-
onstrated previously for the 1-phosphatase, LpxE (26).

DISCUSSION

Many Gram-negative bacteria, including strains of Francisella (6,7), Rhi-
zobium (20-22), Leptospira (53), and Helicobacter (28, 54), synthesize lipid
A molecules lacking one or both of the characteristic phosphate substitu-
ents present in E. coli or Salmonella lipid A (Fig. 1) (9). Absence of phos-
phate groups is expected to attenuate the potency of lipid A as an activator
of innate immunity (13, 17) and to confer resistance to cationic anti-micro-
bial peptides (27). All organisms with phosphate-deficient lipid A mole-
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FIGURE 9. Lipid A 4'-dephosphorylation by LpxF is MsbA-dependent in vivo. LpxF
expressed in the temperature-sensitive MsbA mutant XW2, which also lacks LpxM, can-
not dephosphorylate newly synthesized lipid A at 44 °C. Lipid A species were labeled for
20 min with 32P;, following MsbA inactivation at 44 °C for 30 min, inhibiting lipid A 4'-de-
phosphorylation (lane 4 versus lane 8). W3110B is an isogenic JpxM mutant strain that
harbors the wild-type msbA allele. The schematic structures are described in Fig. 6.

cules nevertheless contain the enzymes that synthesize phosphorylated
lipid A precursors, such as lipid IV, (Fig. 1) and Kdo,-lipid IV, as first
demonstrated with membranes of R. leguminosarum and R. etli (55), and
later confirmed by genome sequencing. These observations indicated that
selective lipid A phosphatases must exist in some bacteria, presumably
functioning at a later stage of lipid A assembly (23, 24).

We have demonstrated previously the presence of distinct lipid A 1-
and 4’-phosphatases in the membranes of R. leguminosarum (23, 24)
and F. novicida (26). The lipid A 1-phosphatase of both organisms has
been expression-cloned and characterized (26, 27). Heterologous
expression in E. coli and Salmonella causes nearly complete 1-dephos-
phorylation of lipid A (26). The activity of the 1-phosphatase in living
E. coli cells is dependent upon the proper functioning of the ABC trans-
porter MsbA, the inner membrane flippase for LPS (26). The active site
of the 1-phosphatase must therefore face the periplasmic surface of the
inner membrane. When assayed in vitro in the presence of a nonionic
detergent, however, the 1-phosphatase is not MsbA-dependent (26). It
also does not dephosphorylate the lipid A 4'-position or unrelated glyc-
erophospholipids (26, 27).

We have now expression-cloned the first example of a lipid A
4'-phosphatase. Like the 1-phosphatase (LpxE), the 4'-phosphatase
(LpxF) is MsbA-dependent when expressed in E. coli, indicating that its
active site also faces the periplasmic surface of the inner membrane (Fig.
9). Both LpxE and LpxF are predicted to contain six membrane-span-
ning segments (Fig. 5), but they show little or no sequence similarity to
each other when aligned with the BLASTp or PSI-BLAST algorithms
(41). When assayed in vitro in the presence of a nonionic detergent,
LpxF is not MsbA-dependent, and it does not attack the lipid A 1-phos-
phate group (Fig. 4).

In contrast to the 1-phosphatase, the Francisella 4'-phosphatase does
not utilize hexaacylated E. coli lipid A as a substrate (Figs. 6 and 7),
possibly because of steric hindrance caused by the 3" secondary myris-
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toyl chain in the vicinity of the 4'-phosphate group (Fig. 14). The R.
leguminosarum 4'-phosphatase shows a similar selectivity for tetra- or
pentaacylated lipid A molecules, consistent with the fact that this strain
does not incorporate a secondary acyl chain at the 3'-position of its lipid
A (21, 22). LpxF can function in E. coli only when the 3’ secondary
myristoyl chain is absent, as is the case in LpxM mutants (Figs. 6 and 7
and supplemental Figs. 1 and 2). Organisms like Leptospira interrogans
and Helicobacter pylori, which synthesize hexaacylated lipid A species
lacking the 4’-phosphate group (28, 53), do not possess LpxF ortho-
logues. These findings suggest that additional, as yet unidentified,
4’-phosphatases exist in those organisms that have evolved to accom-
modate the presence of the secondary 3"-acyl chain.

Many lipid phosphatases, including LpxE (26), possess three con-
served sequence motifs, KX RP, PSGH, and SRX;HX,D (29), which are
also found in mammalian glucose-6-phosphatases (56). The conserved
histidine residue in motif 3 is proposed to attack the phosphate group of
the substrate to generate a phosphoenzyme intermediate (29). The dis-
tantly related, soluble acid phosphatase of Escherichia blattae has been
crystallized in the presence of molybdate (57). The x-ray structure
reveals that the molybdate in motif 3 is covalently attached to the histi-
dine residue (57). The conserved lysine and arginine residues in motif 1
are situated near the molybdate and may normally function to bind the
phosphate group of the substrate (57). The conserved histidine residue
in motif 2 may be the proton donor for the leaving group of the substrate
(57). The replacement of this histidine residue by an alanine in glucose-
6-phosphatase results in a loss of enzymatic activity (56).

LpxF contains motif 1 and most of motif 3, but motif 2 (PSGH) is
missing and apparently is substituted by the sequence NCSFX,G (see
below). The absence of a histidine residue in this motif suggests that
LpxF uses a different catalytic mechanism than LpxE. It may be relevant
that LpxF functions not only as a lipid A 4’-phosphatase but also as a
4'-phosphotransferase, generating phosphatidylinositol [4-**P]phosphate
from phosphatidylinositol and Kdo,-[4'-**P]lipid IV, (25). The most
closely related LpxF orthologues found in other organisms are shown in
Table 2. The lipid A structures of most of these bacteria have not been
characterized. However, these LpxF orthologues all share the KX,RXRP,
NCSEX,G, and RX;GXHX;D motifs. To study the mechanisms of LpxE
and LpxF, it will be necessary to purify both proteins, perform site-directed
mutagenesis, and characterize their structures.

The observation that 4'-dephosphorylation of lipid A happens on the
periplasmic surface of the inner membrane (Fig. 9) is consistent with the
fact that the 4'-phosphate group of lipid A is necessary for the attach-
ment of the Kdo disaccharide (58), which occurs on the cytoplasmic side
of the inner membrane. The 4'-phosphate group may also be needed for
efficient flipping by MsbA of nascent lipid A and its attached core sugars
(59). The conservation of the constitutive lipid A pathway, which gen-
erates phosphorylated Kdo,-lipid A (9), may therefore reflect critical
LPS assembly events at the inner rather than at the outer membrane.
Once exported, however, diverse structural modifications of lipid A,
including dephosphorylation (23, 26), deacylation (60), and polar group
attachments (61— 63), are permissible. Some of these modifications can
be introduced into E. coli by heterologous expression of the appropriate
modification enzyme(s) (26, 61).

LpxE and LpxF may be very useful as reporters for measuring MsbA-
catalyzed LPS flip-flop in inverted inner membrane vesicles. These
enzymes have the advantage that water, which is available on both sides
of the membrane, is their only required co-substrate. MsbA-mediated
flip-flop would allow Kdo,-[4'-**P]lipid A, presented to the cytoplasmic
side of the inverted vesicles, to gain access to the LpxE active site,
located on the inside of the vesicles. The formation of 1-dephospho-
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Kdo,-[4'-**P]lipid A by LpxE, which can easily be distinguished by TLC
from Kdo,-[4'-**P]lipid A, should be dependent upon a functional
MsbA protein and exogenous ATP in such a system.

“Monophosphoryl-lipid A” (MPL) has recently been developed as an
adjuvant for use in human vaccines, given its ability to induce antigen-
specific primary immune responses (16, 17, 64). The commercially
available MPL preparations all lack the lipid A 1-phosphate group,
because they are obtained from Salmonella LPS by mild acid hydrolysis
(16, 17). LpxE can also be used to synthesize MPL efficiently (26), either
in vitro or in living cells. It can even be used to prepare 1-dephospho-
Kdo,-lipid A when expressed in the heptose-deficient mutant WBB06
(26). Selective cleavage of the 1-phosphate group with retention of the
Kdo disaccharide is not possible with mild acid treatment (14). The
availability of LpxF now makes it possible to generate the isomeric
4’-dephospho-lipid A variant of MPL, provided that tetra- or pentaacy-
lated lipid A species are used as the LpxF substrates. It will be interesting
to explore these substances as alternative adjuvants. The use of LpxE
and LpxF, in conjunction with other lipid A-modifying enzymes, such as
PagL (60), PagP (51), LpxQ (65), and LpxO (66), will provide many
additional options for preparing novel lipid A-based adjuvants or for
generating live bacterial vaccines with altered lipid A structures.

The biological activities of lipid A are thought to require the binding
of its negatively charged phosphates groups to cationic amino acid side
chains on key binding proteins and receptors (67, 68). The reduced
negative charge of dephosphorylated lipid A species may limit the
detection of bacteria by the innate immune system. Less negatively
charged lipid A molecules can also confer resistance to cationic antimi-
crobial peptides and polymyxin (Fig. 8). It will be important to deter-
mine whether or not Francisella mutants lacking LpxE or LpxF have
altered virulence properties and polymyxin sensitivity. Similarly, the
isolation and characterization Rhizobium mutants lacking LpxE and/or
LpxF should provide insights into the role of lipid A structure during
symbiosis with plants.
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