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Abstract
Francisella tularensis is a highly infectious pathogen that causes tularemia. Francisella lipid A
contains an unusual galactosamine (GalN) unit, attached to its 1-phosphate moiety. Two genes,
flmF2 and flmK, are required for the addition of GalN to Francisella lipid A, but the relevant enzymes
and the GalN donor substrate have not been characterized. We now report the purification and
identification of a novel minor lipid from Francisella novicida that functions as the GalN donor.
Based on electrospray ionization mass spectrometry (ESI/MS) and NMR spectroscopy, we propose
that this compound is undecaprenyl phosphate-β-D-GalN. Approximately 0.5 mg of pure lipid was
obtained from 10 g of F. novicida by chloroform/methanol extraction, followed by DEAE-cellulose
chromatography, mild alkaline hydrolysis, and thin layer chromatography. ESI/MS in the negative
mode revealed a molecular ion [M-H]- at m/z 1006.699, consistent with undecaprenyl phosphate-
GalN. 31P-NMR spectroscopy showed a single phosphorus atom in phosphodiester linkage. Selective
inverse decoupling difference spectroscopy demonstrated that the undecaprenyl phosphate group is
attached to the anomeric carbon of the sugar. 1H-NMR studies showed the presence of a polyisoprene
chain and a sugar consistent with a β-D-GalN unit. Heteronuclear multiple quantum coherence
(HMQC) analysis confirmed that nitrogen is attached to C-2 of the sugar. Purified undecaprenyl
phosphate-β-D-GalN supports the in vitro modification of lipid IVA by membranes of E. coli cells
expressing FlmK, an orthologue of E. coli ArnT, the enzyme that transfers 4- amino-4-deoxy-L-
arabinose to lipid A in polymyxin-resistant strains. The discovery of undecaprenyl phosphate-β-D-
GalN suggests Francisella modifies lipid A with GalN on the periplasmic surface of the inner
membrane.

Lipopolysaccharide (LPS) makes up the outer leaflet of the outer membranes of most Gram-
negative bacteria (1). It typically consists of three covalently linked domains: the hydrophobic
lipid A moiety, the core oligosaccharide, and the O-antigen polymer (2-4). Lipid A from enteric
organisms (Fig. 1A), like Escherichia coli or Salmonella typhimurium, activates the Toll-like
receptor 4 (TLR4) of the mammalian innate immune system, which triggers an inflammatory
response and helps clear localized infections (5-8). However, a more generalized response to
lipid A in the context of an overwhelming systemic infection, accompanied by over-production
of cytokines, can contribute to Gram-negative septic shock and death (9,10). Low
concentrations of lipid A (pM to nM) are usually sufficient to activate the TLR4/MD2 receptor
complex (11,12).
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Some bacteria, such as the highly infectious human pathogen Francisella tularensis, synthesize
lipid A molecules with relatively long acyl chains (13-16) (Fig. 1B) that do not activate TLR4/
MD2 (17-19). In addition, wild-type Francisella lipid A is covalently modified (Fig. 1B) to
prevent killing by cationic antimicrobial peptides of the innate immune system or polymyxin
(19). Francisella contains an unusual galactosamine (GalN) unit connected to the phosphate
group at the 1-position of its lipid A (Fig. 1B), which neutralizes its negative charge (14,15).
Furthermore, the 4′-phosphate group and the 3′-hydroxyacyl chain, which are present in E.
coli lipid A, are missing entirely in wild-type Francisella lipid A (Figs. 1A and 1B), eliminating
the net negative charge (14,15). The 4′-phosphate group of Francisella lipid A is removed on
the periplasmic surface of the inner membrane by a selective phosphatase, termed LpxF (20).
Deletion of lpxF in Francisella novicida, a mouse specific model organism for tularemia,
results in the retention of both the lipid A 4′-phosphate moiety and the 3′-hydroxyacyl chain
(Fig. 1C) (19), suggesting an obligatory order of processing. F. novicida mutants lacking
lpxF are hypersensitive to polymyxin and are highly attenuated in the mouse infection model
(19). Another unusual feature of F. novicida is the fact that >90% of its lipid A is in a “free”
state, i.e. not linked to a core oligosaccharide and O-antigen (15).

The biosynthetic origin of the GalN unit attached to lipid A in Francisella has not been
characterized at the enzyme level. However, two genes, flmK and flmF2, are necessary for the
addition of the GalN moiety to lipid A (15,21), as judged by analysis of the lipid A isolated
from the appropriate mutants. The flmK gene is an orthologue of E. coli arnT (previously known
as pmrK) (15,22); the latter encodes the enzyme that transfers 4-amino-4-deoxy-L-arabinose
(L-Ara4N) to lipid A on the outer surface of the inner membrane in polymyxin-resistant strains
(23,24). ArnT uses undecaprenyl phosphate-α-L-Ara4N as its donor substrate (Fig. 2) (23,24).
By analogy, we reasoned that FlmK might utilize undecaprenyl phosphate-β-D-GalN as its sugar
donor (Fig. 2). The flmF2 gene is an orthologue of E. coli arnC(pmrF) (4,22,25), suggesting
that it might encode an enzyme required for the biosynthesis of undecaprenyl phosphate-β-D-
GalN.

Here we report the purification and characterization of the novel prenol lipid undecaprenyl
phosphate-β-D-GalN from F. novicida and show that it can donate its GalN unit to the 1-
phosphate group of lipid A-like precursor molecules. Analysis of this lipid by electrospray-
ionization mass spectrometry (ESI/MS) and high resolution NMR spectroscopy strongly
supports its structure as undecaprenyl phosphate-β-D-GalN. Small amounts of dodecaprenyl
phosphate-β-D-GalN were also detected. The purified lipid functions in vitro as an effective
GalN donor substrate in the modification of the precursor lipid IVA (4), catalyzed by
recombinant FlmK expressed in E. coli. In the accompanying manuscript, we report an in
vitro system for the enzymatic synthesis of undecaprenyl phosphate-β-D-GalN from UDP-
GalNAc and undecaprenyl phosphate.

Experimental procedures
Materials

Glass backed 0.25 mm Silica Gel 60 thin layer chromatography (TLC) plates, chloroform,
ammonium acetate, and sodium acetate were obtained from EMD Chemicals Inc. (Gibbstown,
NJ), while pyridine, methanol, and formic acid were from Mallinckrodt Baker, Inc.
(Phillipsburg, NJ). Trypticase soy broth, yeast extract and tryptone were purchased from Difco/
Becton Dickinson and Co. (Franklin Lakes, NJ). DEAE-cellulose (DE52) was purchased from
Whatman (Florham Park, NJ). 32Pi was purchased from PerkinElmer Life and Analytical
Sciences Inc. (Waltham, MA). D2O, CD3OD and CDCl3 were from Sigma-Aldrich (St. Louis,
MO).
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Purification of a Putative GalN Donor Lipid from F. novicida
Two liters of F. novicida strain XWK2, previously constructed in our laboratory by deletion
of the arnT orthologue of F. novicida U112 (15), were grown at 37 °C in 3% Trypticase soy
broth and 0.1% cysteine (TSB-C broth), harvested by centrifugation, and washed with
phosphate-buffered saline (26). About 10 g wet cells were extracted for 1 hr at room
temperature with 1.8 liters of a single-phase Bligh-Dyer mixture (27) and centrifuged to remove
insoluble debris. The supernatant (containing mostly phospholipids and free lipid A) was
converted to a two-phase Bligh-Dyer system (27). The lower phase was dried by rotary
evaporation. About 360 mg crude lipids were obtained.

The crude lipids were dissolved in 60 ml chloroform/methanol/water (2:3:1, v/v/v) and applied
to a 30 ml DEAE-cellulose column (Whatman DE52 in the acetate form), equilibrated with
the same solvent (28). The column was washed with 10 bed volumes of chloroform/methanol/
water (2:3:1, v/v/v). The lipid donor emerged in the run-through fractions, together with
phosphatidylethanolamine, phosphatidylcholine and free lipid A, as judged by ESI/MS. The
run-through fractions were converted to a two-phase Bligh-Dyer system. The lower phase was
recovered and dried by rotary evaporation. About 250 mg of lipid was recovered.

To remove the phosphatidylethanolamine and phosphatidylcholine, the entire sample was
subjected to mild alkaline hydrolysis (29). The lipids were dissolved in 114 ml of a single-
phase Bligh-Dyer mixture, containing NaOH at a final concentration of 0.2 M, and incubated
at room temperature for 1 h. Next, the mixture was neutralized with concentrated HCl and
converted to a two-phase Bligh-Dyer system. About 50 mg of solids were recovered from the
lower phase, consisting mainly of the base-stable GalN donor lipid and free fatty acids, as
judged by ESI/MS analysis (data not shown).

The hydrolyzed material was dissolved in 114 ml chloroform/methanol (95:5, v/v) and applied
onto a 20 ml Bio-SilA silicic acid column (Bio-Rad, Richmond, CA), equilibrated in
chloroform/methanol (95:5, v/v). The column was washed with 114 ml of chloroform/methanol
(95:5, v/v). The fatty acids mostly emerged in the run-through, but the GalN donor lipid
remained bound to the column, as judged by ESI/MS. The GalN donor lipid was eluted from
the column with 114 ml of a single-phase Bligh-Dyer mixture. Following conversion to a two-
phase Bligh-Dyer system, about 3.6 mg of lipid was recovered from the lower phase.

To purify the GalN donor lipid further, preparative TLC was employed. The sample was
dissolved in 1 ml chloroform/methanol (4:1, v/v) and applied to a 20 × 20 cm TLC plate.
Chloroform/pyridine/88% formic acid/water (30:70:16:10, v/v/v/v) was used for
chromatography. While the plates were drying at room temperature, two lipid bands were seen
transiently as white zones. The bands were marked with a pencil and scraped off after the plates
were dry. The silica chips were extracted with a single-phase Bligh-Dyer mixture (7.6 ml for
1 hour at room temperature). The chips were removed by centrifugation. The supernatant was
passed through a Pasteur pipette column fitted with a glass wool plug, and the run-through was
converted into a two-phase Bligh-Dyer system. The phases were separated by centrifugation,
and the lower phase was dried under a stream of N2. The material recovered from the lower
band observed while drying the TLC plate was confirmed to be the putative GalN donor lipid
by ESI/MS. About 0.5 mg of pure material was recovered from 10 g of F. novicida wet cells,
which represents about 0.1 % of the total lipid.

ESI/MS and MS/MS Analysis
All ESI/MS spectra were acquired on a QSTAR XL quadrupole time-of-flight tandem mass
spectrometer (ABI/MDS-Sciex, Toronto, Canada) equipped with an ESI source. Lipid samples
were dissolved in chloroform/methanol (2:1, v/v), containing 1 % piperidine, at about 25 μg/
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ml and subjected to ESI/MS in the negative ion mode (12,15). Nitrogen was used as collision
gas for the MS/MS experiments (12). Data acquisition and analysis were performed using the
instrument’s Analyst QS software.

NMR Analysis
The entire 0.5 mg sample of the putative GalN donor lipid was dissolved in 0.2 ml CDCl3/
CD3OD/D2O (1:2:0.8, v/v/v) and transferred into a 3 mm NMR tube. Proton and carbon
chemical shifts are reported relative to the tetramethylsilane (TMS) scale at 0.00 ppm.
The 2H signal of CD3OD was used as a field frequency lock with the residual signal of
CD3OD serving as the secondary reference at 49.5 ppm for carbon spectra. 1H NMR spectra
were recorded at the Duke NMR Center on Varian Inova 800 or 600 NMR spectrometers,
equipped with Varian cryogenic probes and Dell 370 computers. 1H NMR spectra at 800 MHz
were obtained with a 7.2 kHz spectral window, a 67 ° pulse field angle (4.5 μsec), a 4.5 sec
acquisition time, and a 1 sec relaxation delay. The spectra were digitized using 64k points to
obtain a digital resolution of 0.225 Hz/pt. The two-dimensional NMR experiments COSY,
heteronuclear multiple bond coherence (HMBC) and heteronuclear multiple quantum
coherence (HMQC) were performed at 800 MHz as previously described (30,31). 1H-
decoupled 31P NMR spectra were recorded at 202.3 MHz on a Varian Inova 500 spectrometer
with a spectral window of 12143.3 Hz digitized into 25,280 data points (digital resolution of
1Hz/point or ∼0.005 ppm/point), a 600 pulse flip angle (8 ms), and a 1.6-s repeat time. 31P
chemical shifts were referenced to 85% H3PO4 at 0.00 ppm. Inverse decoupled difference
spectra were recorded as 1H-detected 31P-decoupled heteronuclear NMR experiments, as
previously described (30,31).

Expression Cloning of the F. novicida flmK Gene in E. coli
Genomic DNA was isolated from F. novicida U112 using the Easy DNA kit (Invitrogen). The
flmK gene was amplified by PCR and cloned behind the lac promoter in the vector pWSK29
(32). The forward PCR primer (5′-
GCGTCTAGAAGGAGATATACCatgaataaatctaaaaactc-3′) was designed with a clamp
region, a XbaI restriction site (underlined), a ribosome binding site, and a region matching the
coding strand, starting at the translation initiation site (lower case). The reverse primer (5′-
GCGACTCGAGctattttacaacactgacaacaac-3′) was designed with a clamp region, an XhoI
restriction site (underlined), and a region matching the anti-coding strand that included the stop
codon. The PCR was performed using Pfu polymerase and genomic DNA as the template.
Amplification was carried out in a 100 μl reaction mixture containing 100 ng of template, 250
ng primers, and 2 units of Pfu polymerase. The reaction was started at 94 °C for 1 min, followed
by 25 cycles of denaturation (30 seconds at 94 °C), annealing (30 seconds at 55 °C), and
extension (45 seconds 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 XbaI and XhoI, and ligated into the
expression vector pWSK29, which had been similarly digested and treated with shrimp alkaline
phosphatase. The ligation mixture was transformed into E. coli XL1-blue cells and screened
for positive inserts by selection of colonies on LB plates containing 30 μg/ml ampicillin. The
desired plasmid, designated pFlmK, was isolated from a positive transformant, and the flmK
insert was confirmed by DNA sequencing. The plasmid pFlmK was then re-transformed into
E. coli XL1-Blue to form XL1-Blue/pFlmK.

In vitro Assay of FlmK with the Purified GalN Donor Lipid
The substrate [4′-32P]-lipid IVA was generated from [γ-32P]-ATP and the tetraacyl-
disaccharide 1-phosphate lipid A precursor, using the overexpressed lipid A 4′-kinase present
in membranes of E. coli BLR(DE3)/pLysS/pJK2 (33,34).
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Lipid IVA carrier was isolated from the triple mutant E. coli MKV15b, which synthesizes lipid
A lacking secondary acyl chains (35). 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 IVA was recovered from the LPS
present the cell residue by hydrolysis at 100 °C in sodium acetate buffer, pH 4.5, in the presence
of 1% SDS (31), followed by Bligh-Dyer extraction. The lipid IVA was then purified by
chromatography on a DEAE-cellulose column, followed by a C18 reverse phase column, as
described previously (36,37).

Membranes of E. coli XL1-Blue expressing the FlmK protein were prepared from IPTG-
induced cells, as previously described (20), and were assayed at 30 °C. The reaction mixture
contained 50 mM potassium phosphate, pH 6.4, 0.05% Triton X-100, and 10 μM [4′-32P]-lipid
IVA (3000-6000 cpm/nmol) and 0.06 mg/ml membranes. The reaction was terminated by
spotting 5 μl 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/v/v). After drying and overnight
exposure of the plate to a PhosphorImager screen, product formation was detected and
quantified with a Storm 840 PhosphorImager, equipped with ImageQuant software (GE
Healthcare, Chalfont St. Giles, Buckinghamshire, U.K.).

Results
Purification and ESI/MS Analysis of a Putative GalN Donor Lipid from F. novicida

A GalN residue is attached to the 1-phosphate group of lipid A in several Francisella
subspecies, including the mouse model organism F. novicida (Fig. 1) (14,15). The flmK gene
is required for the addition of the GalN moiety to lipid A in F. novicida (15,21). Deletion and
insertion mutants of flmK in F. novicida synthesize lipid A molecules lacking the GalN unit,
as judged by the loss of a 161 amu substituent (15,21). D-GalN is similar in structure and charge
to L-Ara4N (Fig. 2). The L-Ara4N residue is transferred to lipid A on the outer surface of the
inner membrane in polymyxin-resistant mutants of E. coli and Salmonella by ArnT (4,23,24).
The L-Ara4N donor substrate is undecaprenyl phosphate-L-Ara4N (Fig. 2) (4,23,24). Given the
sequence similarity of E. coli ArnT and F. novicida U112 FlmK (29% identity and 49%
similarity over 335 residues), we explored the possibility that the GalN unit found on the lipid
A of F. novicida might arise from the analogous donor substrate, undecaprenyl phosphate-β-
D-GalN (Fig. 2). We therefore extracted total lipids from F. novicida with a single-phase Bligh-
Dyer mixture and analyzed them by ESI/MS, as shown in Fig. 3A. Small overlapping peaks
were observed at m/z 1006.698 and m/z 1007.603 (Fig. 3A, inset), suggesting a mixture of an
undecaprenyl phosphate-hexosamine (predicted [M-H]- at m/z 1006.726) and an undecaprenyl
phosphate-hexose (predicted [M-H]- at m/z 1007.710). A smaller peak near m/z 1074.748 (Fig.
3A inset) indicated the presence of a dodecaprenyl phosphate-hexosamine. ESI/MS analysis
of crude E. coli lipids revealed a peak near m/z 1007.7, suggestive of an undecaprenyl
phosphate-hexose, but not at m/z 1006.7 (data not shown).

To characterize the putative GalN donor lipid in more detail, the total lipids were fractionated
on a DEAE cellulose column. The putative undecaprenyl phosphate-hexosamine emerged in
the run-through, as judged by ESI/MS (not shown), together with phosphatidylethanolamine,
phosphatidylcholine and free lipid A. The pooled run-through fractions were subjected to a
mild alkaline hydrolysis to deacylate the glycerophospholipids (29). The free fatty acids were
separated from the undecaprenyl phosphate-hexosamine by silicic acid column
chromatography. To obtain homogeneous material, the resulting sample (3.6 mg) was
subjected to preparative TLC. Approximately 0.5 mg of pure undecaprenyl phosphate-
hexosamine was obtained from 10 g of F. novicida wet cells (∼0.1% of the total lipid). The
purified lipid was analyzed by ESI/MS (Fig. 3B). All the phospholipids and free lipid A had
been removed, and the two predominant remaining molecular ions at m/z 1006.699 and m/z
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1074.764 corresponded within error to the predicted [M-H]- values expected for undecaprenyl
phosphate-hexosamine (1006.726) and dodecaprenyl phosphate hexosamine (1074.789),
respectively. The contaminating lipid that was seen near m/z 1007.603 in the crude material
(Fig. 3A) was removed during chromatography on DEAE cellulose (not shown). The new small
peak at m/z 1022.698 can be attributed to the incorporation of a single oxygen atom into the
undecaprenyl phosphate-hexosamine, most likely because of chemical oxidation during
preparative TLC.

ESI/MS/MS Analysis of the Putative GalN Donor Lipid
The prominent molecular ion [M-H]- at m/z 1006.699 (Fig. 3B) of the purified lipid was
subjected to ESI/MS/MS analysis (Fig. 4). The peaks at m/z 78.957 [PO3]- and m/z 96.966
[H2PO4]- confirmed the presence of a phosphate group. The peak at m/z 258.033 had the value
expected for a phosphorylated hexosamine derivative, suggesting that the putative GalN moiety
is connected to the phosphate group present in the purified lipid (Figs. 2 and 4). The ion near
m/z 324 (not labeled) had the mass predicted for a phosphorylated hexosamine plus an isoprene
unit, consistent with the phosphate group connecting the GalN moiety and the proximal
isoprene unit of the undecaprenyl chain (Fig. 2). A prominent ion derived by neutral loss of
the GalN unit was seen at m/z 845.640, which also corresponds to the [M-H]- of undecaprenyl
phosphate. The ESI/MS/MS analysis of the molecular ion at m/z 1074.764 in Fig. 3B was very
similar (not shown), except that a large peak at m/z 913.7 replaced the peak at m/z 845.640,
confirming that the parent ion at m/z 1074.764 arises from a dodecaprenyl phosphate-
hexosamine. In summary, the ESI/MS/MS study supports the hypothesis that the purified lipid
consists mostly of undecaprenyl phosphate-GalN (Fig. 2) and some dodecaprenyl phosphate-
GalN.

Characterization of the Purified Lipid by NMR Spectroscopy
31P NMR spectroscopy of the purified lipid revealed a single phosphorus resonance near 0.752
ppm (Fig. 5A), consistent with the presence of a phosphodiester linkage. Subtraction of
two 1H NMR spectra obtained with on and off resonance selective decoupling of the 0.752
ppm phosphate signal (24,30,31) revealed simultaneous changes at the anomeric H-1 signal of
the D-GalN moiety and at the αCH2OP signal of the proximal isoprene residue (Fig. 5B),
consistent with the proposed structure shown in Fig. 2.

The 800-MHz 1H NMR spectrum of the purified lipid showed six resolved sugar protons (Fig.
5C). The assignments of the individual protons of the putative GalN residue were derived from
a two-dimensional COSY analysis (Fig. 6 and Table 1). The peak at 5.06 ppm (J1,2 = 8.2 Hz)
is assigned to the anomeric H-1 proton, based on its chemical shift and the result of subtracting
the two 1H NMR spectra obtained with on and off resonance selective decoupling of the 0.752
ppm phosphate signal (Fig 5B). The COSY cross peak from H-1 locates the H-2 signal at 3.22
ppm (Fig. 6). H-2 connects to H-3 at 3.77 ppm, which, in turn, is coupled to H-4 at 3.91 ppm.
Further tracing of the COSY cross peaks locate the remaining GalN protons, i.e. H-5 at 3.67
ppm, H-6a at 3.79 ppm and H-6b at 3.73 ppm (Table 1).

The 800-MHz 1H NMR spectrum of the purified lipid also revealed a ten-proton prenyl CH
peak near 5.1 ppm, a resolved αCH near 5.4 ppm, a resolved αCH2OP near 4.4 ppm, a CH2
envelope near 2.0 ppm and twelve CH3 signals near 1.6 to 1.7 ppm, verifying the presence of
the undecaprenyl chain (Fig. 5C, 6, 7B and Table 2) (24). The two-dimensional COSY analysis
revealed a strong cross peak between the αCH and αCH2OP groups of the proximal isoprene
unit (Figs. 2 and 6). Furthermore, the αCH and αCH2OP of the proximal isoprene unit each
showed a weak cross peak to the resolved methyl signal at 1.73 ppm (Fig. 6). The major
unresolved polyisoprene CH signals at 5.10 ppm similarly showed strong cross-peaks to the
upfield CH2 resonances and weaker (long range) cross-peaks to the upfield CH3 signals (Fig.

Wang et al. Page 6

Biochemistry. Author manuscript; available in PMC 2010 February 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



6). The low field shift of H-1 (5.06 ppm) and the large 8.2 Hz coupling constant (J1,2) revealed
in the 31P decoupled 1H difference spectrum (Fig. 5B) indicates that H-1 of the presumptive
D-GalN residue is in the axial (β) position, so that the undecaprenyl phosphate chain must be
situated equatorially (Fig. 2).

To confirm the assignments derived from the 1H NMR spectroscopy, the purified lipid was
further analyzed by HMQC and HMBC two-dimensional NMR experiments. The partial two-
dimensional HMQC 1H-13C correlation map reveals six relevant 1H-13C single-bond cross
peaks and one impurity correlation (X) in the sugar region (Fig. 7A). The GalN H-1 signal
reveals the anomeric carbon resonance at 96.1 ppm (C-1), consistent with a β-linked D-GalN
sugar residue (38). The H-6a and H-6b multiplets correlate to a single carbon signal at 62.0
ppm (C-6), while the H-3, H-4 and H-5 multiplets connect to carbon resonances at 70.5 (C-3),
68.1 (C-4) and 77.1 (C-5) ppm, respectively, which correspond to oxygen-substituted carbons
of sugars. However, nitrogen-substituted carbons of amino sugars resonate near 50-55 ppm
(38). The H-2 multiplet shows a prominent cross peak near 55.3 ppm, confirming C-2 as the
site of the amino group substitution (Fig. 2). Fig. 7A also shows the direct bond correlations
from the major unresolved methine proton signals of the undecaprenyl chain to unresolved
olefinic carbon signals near 126 ppm, and from the methine and the proximal methylene protons
of the α-isoprene unit to carbon resonances at 122.5 and 64.0 ppm, respectively.

The 1H-13C HMQC of the purified lipid revealed structural information for the polyisoprene
unit similar to that of undecaprenyl phosphate-L-Ara4N, previously characterized in our
laboratory (24). The CH2 protons of the undecaprenyl chain yield 4 distinct 1H-13C HMQC
cross peaks (Fig. 7B and Table 2). Based on the multibond correlations discussed below, the
major carbon peak at 27.5 ppm is assigned to the proximal CH2 groups of the bulk isoprene
units (i.e. those that are adjacent to a CH proton as shown in Table 2), while the 33.2 ppm peak
of about equal intensity is assigned to the CH2 groups of the bulk isoprene units that are
trans relative to a methine proton (Table 2) (24). The small carbon cross peak at 40.5 ppm
arises from the cis-CH2 groups of the ω-1 and ω-2 isoprene units. The small, partially resolved
cross peak at 32.8 ppm arises from the trans CH2 group of the α isoprene unit (Fig. 7B and
Table 2).

The CH3 protons yield five HMQC peaks (Fig. 7B). The cis CH3 protons from the α isoprene
unit (1.73 ppm), the seven cis CH3 of the interior β to ω-3 units (1.67 ppm), and the cis CH3
of the ω unit (1.66 ppm) yield distinct carbon cross peaks at 24.2, 24.4 and 26.5 ppm
respectively (Table 2). The three trans methyl groups of the ω-2, ω-1 and ω isoprene units
yield three overlapped carbon cross peaks near 17.0 ppm (Fig. 7B and Table 2).

Additional HMBC multibond correlations (not shown) in general verify the GalN and
undecaprenyl assignments derived from COSY and HMQC. For example, the resolved H-4 at
3.91 ppm shows distinct multibond correlations to C-2 (55.2 ppm) and C-3 (71.0 ppm). The
HMBC correlations yield a complete analysis of the α isoprene unit. The cis CH2OP proton
signal at 4.44 ppm shows distinct multibond correlations to carbon resonances at 122.5 ppm
(CH from the α isoprene unit) and 142.3 ppm (quaternary carbon resonance from the α isoprene
unit). Scrutiny of the cross peaks from the 1.73 ppm methyl proton signal (cis CH3 of α isoprene
unit) locates the corresponding multibond correlations to 33.2 (trans CH2 of α isoprene unit),
122.5 and 142.3 ppm, respectively, thus verifying the assignment of the 1.73 ppm signal as the
cis methyl group of the α isoprene unit.

The HMBC correlations seen for the bulk undecaprenyl protons of undecaprenyl-phosphate-
D-GalN are identical to those previously observed for undecaprenyl-phosphate-L-Ara4N (24).

In summary, the NMR data supports the hypothesis, also derived from the mass spectrometry,
that the purified lipid has the structure undecaprenyl phosphate-β-D-GalN, as shown in Fig. 2.
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In vitro Assay for FlmK Activity Dependent on the Purified GalN Donor Lipid
We next tested the purified undecaprenyl phosphate-β-D-GalN as a GalN donor in an in vitro
FlmK assay with lipid IVA (4) as the acceptor substrate (Scheme 1). The assay conditions were
similar to those previously reported for detecting L-Ara4N transferase activity catalyzed by
ArnT (23,24). The flmK gene of F. novicida (an orthologue of arnT) was cloned into the
expression vector pWSK29 to generate pFlmK. The latter was transformed in E. coli XL1-
Blue. Membranes were prepared from XL1-Blue/pWSK29 and XL1-Blue/pFlmK, and were
assayed with [4′-32P]-lipid IVA as the acceptor substrate in the presence or absence of
undecaprenyl phosphate-β-D-GalN (Fig. 8 and Scheme 1). Efficient formation of a more slowly
migrating [4′-32P]-lipid IVA derivative, consistent with the addition of an amino sugar (23,
24), was dependent upon both FlmK and undecaprenyl phosphate-β-D-GalN (Fig. 8). When the
purified GalN donor lipid was omitted, no activity was observed, consistent with the fact that
E. coli does not synthesize its own undecaprenyl phosphate-β-D-GalN. The involvement of an
undecaprenyl phosphate-linked sugar donor strongly suggests that the addition of the D-GalN
moiety to lipid A occurs on the periplasmic surface of the inner membrane in F. novicida.

Discussion
The lipid A moiety of LPS is a relatively conserved structure that makes up the outer monolayer
of the outer membrane of most Gram-negative bacteria (3,4,39). Hexa-acylated lipid A of E.
coli and related enteric bacteria potently activates the TLR4/MD2 receptor of the innate
immune system (11,12), whereas lipid A from photosynthetic bacteria like Rhodobacter
sphaeroides, or tetra-acylated precursors, such as lipid IVA of E. coli (Scheme 1), are TLR4/
MD2 antagonists (40,41). Alternatively, lipid A species derived from Francisella tularensis
are relatively inactive, both as TLR4 agonists and as antagonists (18,19). Changes in the lengths
and numbers of the acyl chains (Fig. 1), and the presence or absence of the phosphate groups,
are critical in determining these biological activities (11,42,43). The recent elucidation of the
structure of the TLR4/MD2 receptor with a bound antagonist should shed additional light on
this interesting structure-activity relationship (8,44).

The attachment of cationic sugars to the lipid A phosphate groups, which include 4-amino-4-
deoxy-L-arabinose (L-Ara4N) in enteric bacteria like E. coli and D-galactosamine in
Francisella (Figs. 1 and 2), reduces the net negative charge of lipid A (4). These modifications
confer bacterial resistance to cationic antimicrobial peptides and polymyxin, which cannot bind
to the modified lipid (1). Mutants that are unable to modify their lipid A with cationic sugars
therefore tend to be less virulent and are hypersensitive to polymyxin (19,21,45).

The origin of the L-Ara4N moiety and the mechanism of its attachment to lipid A have been
fully established in E. coli and Salmonella typhimurium (4). The critical last step is the transfer
of the L-Ara4N residue to lipid A on the outer surface of the inner membrane by ArnT, a complex
polytopic membrane protein that is distantly related to eukaryotic protein mannosyl
transferases (4,23). The L-Ara4N donor substrate for ArnT is undecaprenyl phosphate-L-Ara4N
(Fig. 2) (24). Sugar nucleotides are not available in the periplasm.

F. novicida and related pathogens attain their resistance to cationic antimicrobial peptides in
two ways. First, LpxF efficiently removes the 4′-phosphate group on the periplasmic side of
the inner membrane (20); mutants lacking the lpxF gene retain their 4′-phosphate group (Fig.
1C), are hypersensitive to polymyxin, and are avirulent in the mouse infection model (19).
Second, F. novicida efficiently modifies its lipid A 1-phosphate group with a GalN residue
(Fig. 1), which resembles L-Ara4N (Fig. 2) in structure and charge (14,15). Deletion of flmK,
which encodes an inner membrane protein with significant sequence similarity to E. coli ArnT,
results in loss of the GalN substituent of F. novicida lipid A and attenuation of virulence (15,
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21), suggesting by analogy that undecaprenyl phosphate-GalN should be the donor substrate
for FlmK.

To study the enzymatic synthesis of GalN-modified lipid A in F. novicda, it was necessary to
first identify the GalN donor substrate unequivocally and to develop an in vitro assay for the
proposed FlmK transferase (Scheme 1). We therefore searched for the novel minor lipid
undecaprenyl phosphate-GalN in chloroform extracts of F. novicida. ESI/MS revealed the
presence of a compound with the expected [M-H]- near m/z 1006.5 (Fig. 3), which is not
observed in total E. coli lipids (data not shown). Following purification on DEAE cellulose,
mild alkaline hydrolysis to remove glycerophospholipids and TLC, we obtained 0.5 mg of pure
compound from 10 g of F. novicida with the predicted mass spectrum and MS/MS
fragmentation pattern (Figs. 3 and 4). The NMR analysis was consistent with the presence of
an undecaprenyl phosphate chain attached via a phosphodiester linkage to the anomeric carbon
of the β-GalN unit (presumed to be the D-isomer) (Figs. 5-7 and Tables 1 and 2). We estimate
that undecaprenyl phosphate-β-D-GalN represents about 0.1% of the total F. novicida lipid, an
amount that is comparable to the abundance of undecaprenyl phosphate-L-Ara4N in polymyxin-
resistant strains of E. coli and Salmonella typhimurium (24). Importantly, our undecaprenyl
phosphate-β-D-GalN preparation is an efficient GalN donor for recombinant F. novicida FlmK
expressed in E. coli, as judged by in vitro assays of membranes with lipid IVA as the acceptor
substrate (Fig. 8).

The flmK (Ftn_0546) gene of F. novicida maps next to flmF2 (Ftn_0545) (46), the latter gene
encoding a protein with significant similarity to E. coli ArnC (4), which along with FlmK is
required for the modification of F. novicida lipid A with GalN (21). E. coli ArnC is an enzyme
that transfers N-formyl-L-Ara4N from UDP-N-formyl-L-Ara4N to undecaprenyl phosphate
(25). By analogy, it is reasonable to propose that FlmF2 catalyzes the condensation of UDP-
GalNAc (or perhaps UDP-GalN) and undecaprenyl phosphate to generate the corresponding
undecaprenyl phosphate-sugar. In the accompanying manuscript we describe an in vitro system
for assaying FlmF2, and we demonstrate this enzyme catalyzes the efficient formation of
undecaprenyl phosphate-GalNAc from UDP-GalNAc and undecaprenyl phosphate. We also
describe an additional gene, encoding a novel deacetylase, which converts undecaprenyl
phosphate-GalNAc to undecaprenyl phosphate-GalN, the novel prenol lipid identified in the
present study.
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Figure 1.
Lipid A from E. coli, F. novicida, and the F. novicida lpxF mutant. A. The predominant lipid
A moiety of wild-type E. coli LPS is a hexa-acylated disaccharide of glucosamine, substituted
with phosphate groups at the 1- and 4′-positions (4). In polymyxin-resistant mutants of E.
coli, an L-Ara4N residue is attached to the 4′-phosphate group (not shown) by ArnT, a
glycosyltransferase that uses undecaprenyl phosphate-α-L-Ara4N (Fig. 2) as its donor substrate
(4). B. The major lipid A species of F. novicida is a tetra-acylated disaccharide of glucosamine
lacking the 3′-hydroxyacyl chain and 4′-phosphate group (14,15). An alpha-linked D-GalN
residue, which appears to be unique to strains of Francisella, is attached to the 1-phosphate
group (14,15). Over 90% of Francisella lipid A is termed “free” in the sense that it is not linked
to a core oligosaccharide and O-antigen (15). However, some LPS is also synthesized, and its
lipid A is modified with GalN in the same manner (14). C. Free lipid A of a Francisella mutant
lacking LpxF, the 4′-phosphatase, retains both the 4′-phosphate group and the 3′-hydroxyacyl
chain, consistent with an obligatory order of processing (19). The active site of the inner
membrane protein LpxF faces the periplasm (20). The gene encoding the 3′-deacylase has not
been identified, but it may be an outer membrane protein.
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Figure 2.
Proposed structure of undecaprenyl phosphate-β-D-GalN. The numbering scheme is used for
the NMR analysis presented in Figs. 5 to 7. The structure of undecaprenyl phosphate-α-L-Ara4N
present in polymyxin-resistant strains of E. coli is shown for comparison (24).
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Figure 3.
Negative ion ESI/MS analysis of total F. novicida lipids and of the purified GalN donor. A.
The spectrum of the total lipids from F. novicida strain XWK2 (15) reveals major peaks
between m/z 500-900, arising mainly from glycerophospholipids. The peaks near m/z 1476 and
1504 are attributed to free lipid A; this strain lacks the usual GalN substituent because of an
insertion mutation in the GalN transferase flmK(arnT) (15). However, the spectrum of wild-
type F. novicida U112 lipids is virtually identical, except that the free lipid A is seen near m/
z 1637 and 1655 (not shown) (15). Inset. The [M-H]- ion of the proposed undecaprenyl
phosphate-α-D-GalN (Fig. 2) donor substrate is predicted at m/z 1006.726, and a peak is
observed at m/z 1006.698. However, an additional overlapping peak, probably arising from an
undecaprenyl phosphate-glucose, is seen at m/z 1007.603, partially obscuring the undecaprenyl
phosphate-α-D-GalN isotopic peak containing one 13C atom. B. The spectrum of the purified
GalN donor lipid shows a major peak, interpreted as [M-H]-, at m/z 1006.699. Inset. The
overlapping putative undecaprenyl phosphate-hexose [M-H]- peak at m/z 1007.603 seen in
panel A was removed by the purification; what remains at m/z 1007.705 can now be attributed
to an undecaprenyl phosphate-α-D-GalN isotopic species containing one 13C atom. The smaller
peak at m/z 1074.764 is consistent with the [M-H]- of a dodecaprenyl phosphate-GalN
derivative. The peak at m/z 1022.698 might arise by chemical oxidation of undecaprenyl
phosphate-α-D-GalN generated during TLC.
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Figure 4.
ESI/MS/MS analysis of purified undecaprenyl phosphate-β-D-GalN. The MS/MS analysis of
the dominant [M-H]- ion at m/z 1006.699 in the panel B of Fig. 3 is shown together with the
proposed fragment ion assignments and the covalent structure of the intact lipid.
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Figure 5.
31P NMR spectrum and selective inverse 31P-decoupled-1H-detected difference spectroscopy
of the purified lipid. A. The 31P NMR spectrum of the purified lipid is consistent with the
presence of one monophosphodiester (0.752 ppm). B. The selective inverse decoupled
difference 1H NMR spectrum obtained with on and off resonance 31P decoupling of the 0.752
ppm phosphorus signal (30,31) showed that the anomeric carbon of GalN is linked via a
phosphodiester bridge to the proximal isoprene unit of the undecaprenyl group. C. The one-
dimensional 800-MHz 1H NMR spectrum of the donor lipid shows six GalN and various
isoprene methine, methylene and methyl proton signals (see Tables 1 and 2 for details). Note
that an impurity peak overlaps H-5 near 3.66 ppm. The proposed structure of undecaprenyl
phosphate-β-D-GalN is shown in Fig. 2 along with the numbering scheme.
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Figure 6.
Two-dimensional 1H-1H COSY analysis of the purified lipid at 800 MHz. The COSY
experiment establishes the connectivities between the key GalN sugar and undecaprenyl 1H
resonances shown in Fig. 5C. Resonances designated X are due to impurities.
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Figure 7.
Partial HMQC spectra of the purified lipid donor. Panel A. Single bond 1H-13C correlations
of the GalN moiety, part of the proximal isoprene unit, and the unresolved olefinic protons of
the undecaprenyl chain are shown. Resonances designated X are due to residual solvent or
impurities. B. This expansion shows the partially resolved isoprenyl CH2 and CH3 groups and
their directly bonded carbon atoms. The cis, trans, and adjacent configurations are defined in
Table 2 and are the same as those used previously (24).
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Figure 8.
In vitro assay of FlmK activity with purified undecaprenyl phosphate-β-D-GalN. FlmK was
assayed using E. coli derived [4′-32P]-lipid IVA as the acceptor substrate (Scheme 1) under
standard assay conditions for the indicated times. The purified undecaprenyl phosphate-β-D-
GalN was added at 100 μM, as indicated. The migration of the FlmK product in this TLC
system is consistent with the addition of an amino sugar to [4′-32P]-lipid IVA, as shown
previously for L-Ara4N addition to lipid IVA (23,24).
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Scheme 1.
Reaction catalyzed by F. novicida FlmK with the model substrate lipid IVA.
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Table 2
1H and 13C NMR assignments (ppm from TMS) the undecaprenyl chain in undecaprenyl-phosphate-GalN

Isoprene Unit Methyl Groups δC δH

α 24.2 1.73

β to ω-3 24.4 1.67,7 methyl groups

ω 26.5 1.66,1 methyl groups
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ω-1, ω-2 17.0 1.60,1 methyl groups
1.57,1 methyl groups

ω 16.8 1.57,1 methyl groups

Isoprene Unit Methylene Groups

α 63.9 4.443
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α 33.0 2.08

β to ω 27.5 2.04

Biochemistry. Author manuscript; available in PMC 2010 February 17.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 26

β to ω-3 33.2 2.02

ω-1 to ω-2 40.6 1.97

Isoprene Unit Methine Groups

α 122.5 5.384

β to ω-3 125.9 ∼5.10
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ω to ω-2 124.5 ∼5.10

Isoprene Unit Quaternary Carbons

α 142.3

β to ω-3 137.3

ω to ω-2 136.9

Abbreviations: adj, adjacent in relation to a methine proton of an isoprene unit; likewise, cis and trans are used throughout to designate the configurations
of various groups in relation to a methine proton of an isoprene unit, as shown above.
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