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a b s t r a c t

Francisella tularensis is a highly infectious human pathogen that can cause tularemia, but little is known
about the lipid composition in membranes of this bacterium. Our recent study has shown that lipid A in
membranes of F. tularensis subsp. novicida is related to its infection ability [X. Wang, A.A. Ribeiro, Z. Guan,
S.N. Abraham, C.R. Raetz, Attenuated virulence of a Francisella mutant lacking the lipid A 4′-phosphatase,
eywords:
rancisella tularensis subsp. novicida
112
hospholipids composition

Proc. Natl. Acad. Sci. U.S.A. 104 (2007) 4136–4141.]. Here we purified the glycerophospholipids of F. novi-
cida, and analyzed by using thin-layer chromatography, electrospray ionization mass spectrometry and
gas chromatography/mass spectrometry. Phosphatidylglycerol, phosphatidylethanolamine, cardiolipin,
phosphatidylcholine and lyso-phosphatidylethanolamine were found in F. novicida. These glycerophos-
pholipids contain fatty acids with broad range of chain lengths, and acyl chains have unusually different

phos
d pot
atty acid profile
SI/MS/MS

length in a single glycero
lipids in F. tularensis coul

. Introduction

Cell membranes are very important for the survival of cells. They
re composed of lipids and proteins; the former makes membranes
mpermeable to most water-soluble solutes, and the latter serves
s transporters and signaling devices. The characteristics of the
ipid matrix depend upon the physical properties of the individ-
al lipid components in the membrane. Membrane phospholipids
omposition is closely related to the structure and function of
embrane proteins and the function of the cell [1,2]. Therefore,

t is important to identify the lipid composition in different cell
embranes.
Francisella tularensis, a Gram-negative bacterium, is a highly

nfectious human pathogen that causes tularemia, but the lipids
n their membranes have not been well characterized. Previ-

usly, we have demonstrated that lipid A in membranes of F.
ularensis subsp. novicida is related to the bacterial infection abil-
ty [3–5]. In this study, we have extracted glycerophospholipids
rom F. novicida, purified to homogeneity, and analyzed using

Abbreviations: PE, phosphatidylethanolamine; Lyso-PE, lyso-phosphatidy-
ethanolamine; PG, phosphatidylglycerol; CL, cardiolipin; PC, phosphatidylcholine;
SI/MS/MS, electrospray ionization mass spectrometry/tandem mass spectrometry;
C/MS, gas chromatography/mass spectrometry; TLC, thin-layer chromatography.
∗ Corresponding author. Tel.: +86 (0)510 85329329; fax: +86 (0)510 85329329.

∗∗ Corresponding author. Tel.: +1 919 684 5178; fax: +1 919 684 8885.
E-mail addresses: xwang65@gmail.com, xiaoyuanwang@hotmail.com
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pholipid molecule. The special fatty acyl composition of glycerophospho-
entially be used to detect the bacteria.

© 2010 Elsevier B.V. All rights reserved.

thin-layer chromatography (TLC), electrospray ionization mass
spectrometry/tandem mass spectrometry (ESI/MS/MS), and gas
chromatography/mass spectrometry (GC/MS). Phosphatidylglyc-
erol, phosphatidylethanolamine, cardiolipin, phosphatidylcholine
and lyso-phosphatidylethanolamine were found in F. novicida.
These lipids contain fatty acids with a broad range of chain lengths.
Interestingly, the two acyl chains on some of the glycerophospho-
lipids are very different in chain length. The special structure and
composition of glycerophospholipids in F. tularensis may poten-
tially be utilized to detect the bacteria.

2. Experimental procedures

2.1. Materials

Glass backed 0.25 mm Silica Gel 60 thin-layer chromatogra-
phy plates were from E. Merck, Darmstadt, Germany. Chloroform,
ammonium acetate, and sodium acetate were obtained from EMD
Science, Gibbstown, NJ. Pyridine, methanol, and formic acid were
from Mallinckrodt, Phillipsburg, NJ. Trypticase soy broth, yeast
extract and tryptone were purchased from Difco, Detroit, MI. DEAE
cellulose was purchased from Whatman, Florham Park, NJ. 32Pi was
purchased from NEN Life Science Products.
2.2. Isolation of lipids from 32P-labeled cells

The 32P-labeled lipids were isolated from E. coli and F. novicida
as previously published [3]. Typically, 20 ml cells, inoculated from

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:xwang65@gmail.com
mailto:xiaoyuanwang@hotmail.com
mailto:raetz@biochem.duke.edu
dx.doi.org/10.1016/j.ijms.2010.03.015
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n overnight culture to A600 = 0.02, were grown in the presence of
Ci/ml 32Pi to A600 of 1.2. The cells were collected by centrifuga-

ion and washed with phosphate-buffered saline. The cell pellets
ere resuspended in 3 ml of a single-phase Bligh–Dyer mixture [7]

onsisting of chloroform, methanol and water (1:2:0.8, v/v/v), incu-
ated at room temperature for 60 min, and centrifuged to remove

nsoluble debris. The supernatant was removed and converted to a
wo-phase Bligh–Dyer system by adding chloroform and water to
enerate a mixture consisting of chloroform, methanol and water
2:2:1.8, v/v/v). The upper phases were washed once with a fresh
re-equilibrated Bligh–Dyer lower phases. The lower phases were
ooled and dried under a stream of nitrogen. The 32P-labeled lipids
ere re-dissolved in chloroform and methanol (4:1, v/v) and spot-

ed onto a Silica Gel 60 TLC plate (10,000 cpm per lane), which was
eveloped in a solvent mixture consisting chloroform, pyridine,
8% formic acid and water (50:50:16:5, v/v/v/v). After drying, the
lates were exposed to a PhosphorImager Screen overnight, and
he 32P-labeled lipids were detected with a Molecular Dynamics
torm PhosphorImager.

.3. Extraction and purification of phospholipids from F. novicida
112

One liter of F. novicida U112 cells were grown at 37 ◦C in TSB-C
edium (3% trypticase soy broth and 0.1% cysteine [6]), harvested

y centrifugation, and washed with phosphate-buffered saline.
bout 5 g wet cells were obtained. The cells were extracted for 1 h
t room temperature with 1 l of a single-phase Bligh–Dyer mixture
7] and centrifuged to remove insoluble debris. The supernatant
as converted to a two-phase Bligh–Dyer system, and the lower
hases were dried by rotary evaporation. About 130 mg lipids were
btained from the initial supernatant.

The dried lipids were dissolved in chloroform, methanol and
ater (2:3:1, v/v/v), and applied to a 2 ml DEAE-cellulose col-
mn in the acetate form equilibrated with the same solvent. The
un-through was saved. The column was washed with 10 column
olumes of chloroform, methanol and water (2:3:1, v/v/v). The
arious lipid components were then eluted stepwise with 5 col-
mn volumes of chloroform, methanol and ammonium acetate
2:3:1, v/v/v) with ammonium acetate concentrations of 60 mM,
20 mM, 240 mM, 360 mM and 480 mM, respectively. Fractions
qual to one column volume were collected, and 20 �l of each
raction was spotted onto a TLC plate to monitor the lipid elution
rofile. The plates were developed in the solvent of chloroform,
ethanol, acetic acid and water (25:15:4:4, v/v/v/v), and the lipids
ere visualized by spraying the plates with 10% sulfuric acid in

thanol, followed by charring. The fractions were pooled accord-
ng to their lipid contents and converted to two-phase Bligh–Dyer

ixtures. The lower phases were recovered and dried by rotary
vaporation.

To further purify the lipid species, preparative thin-layer chro-
atography was employed. Lipids obtained from the DEAE column
ere dissolved in chloroform, methanol (4:1, v/v) and applied

o a TLC plate, which was developed with chloroform, methanol,
yridine, acetic acid, water (25:10:5:4:3, v/v/v/v/v). While the
lates were drying, the lipid bands could be seen transiently as
hite zones. These bands were marked with a pencil and scraped

ff after the plates were dry. The silica chips were extracted
ith a single-phase Bligh–Dyer mixture for 1 h at room tem-

erature. The suspension was centrifuged. The supernatant was
assed through a small column fitted with a small glass wool
lug and converted into a two-phase Bligh–Dyer system. The two
hases were separated by centrifugation, and the lower phase was
ried. The total lipids and the purified lipids were analyzed by
SI/MS/MS.
ss Spectrometry 293 (2010) 45–50

2.4. ESI/MS/MS analysis

All MS/MS spectra were acquired on a QSTAR XL quadrupole
time-of-flight tandem mass spectrometer (Applied Biosystems Inc.,
Foster City, CA, USA) equipped with an ESI source. Lipid samples
were dissolved in chloroform and methanol (2:1, v/v) at 25 �g/ml
and subjected to ESI/MS in the negative ion mode. Nitrogen was
used as collision gas for MS/MS experiments. Data acquisition and
analysis were performed using the instrument’s Analyst QS soft-
ware.

2.5. The extraction of fatty acids from the total lipids

About 10 mg total lipids extracted from F. novicida were
hydrolyzed by adding 3.8 ml single-phase Bligh–Dyer mixture con-
sisting of chloroform, methanol, and 6 M NaOH (1:2:0.8, v/v/v) and
incubating at room temperature for 1 h. The reaction mixture was
then neutralized by adding 3.8 ml mixture consisting of chloro-
form, methanol, and 6 M HCl (1:2:0.8, v/v/v). After adding 2 ml
distilled water and 2 ml chloroform, the system was converted to
a two-phase Bligh–Dyer mixture. The lower phase, containing the
released fatty acids, was dried under a stream of nitrogen.

2.6. GC/MS analysis

The dried fatty acids were mixed with 50 �l bistrimethylsilyl
trifluoroacetamide. The mixture was incubated at 70 ◦C for 30 min,
then dried under a stream of nitrogen. The samples were dissolved
in 100 �l hexane for the GC/MS analysis. The fatty acid analysis was
performed on a gas chromatography/mass spectrometer (1200L-
GC/MS, Varian, USA). A silica capillary column (Varian VF-5MS)
was used for the separation of fatty acids. After applying onto the
column, the samples were held at 120 ◦C for 0.5 min, then the tem-
perature was increased to 220 ◦C at 10 ◦C/min, to 240 ◦C at 5 ◦C/min,
to 280 ◦C at 12 ◦C/min and held at 280 ◦C for 7 min. Helium was used
as the carrier gas at a constant flow rate of 0.8 ml/min. The mass
spectrometer was operated in the electron impact mode at 70 eV
with the scan range of 50–500 m/z. The data acquisition and anal-
ysis were performed using the Varian workstation software. The
fatty acids were identified by database searching.

3. Results

3.1. TLC and MS analysis of total lipids of F. novicida

E. coli and F. novicida were grown to late-log phase with or with-
out 32Pi. The 32P-labeled lipids extracted from both bacteria were
separated on TLC (Fig. 1A). Two major lipid species were detected
from the E. coli sample. In the F. novicida sample, however, seven
different lipid species were detected; they are labeled as A1, A2,
B, C, D, E and F, respectively (Fig. 1A). Based on the intensity of
radioactivity, the percentages of A1, A2, B, C, D, E and F in the total
lipids of F. novicida were estimated and shown in Fig. 1B. The most
abundant lipid species (49%) is D; while the least abundant (1%) is E.
A1 and A2, making up 17% of the total lipids, have been previously
confirmed as lipid A species [3]. Similar separation pattern on TLC
was observed for the total lipids extracted from unlabeled cells of
E. coli and F. novicida (data not shown), suggesting that these lipids
are the major lipids in membranes of F. novicida.

The total lipids extracted from unlabeled cells of E. coli and F.
novicida were analyzed by ESI/MS in the negative ion mode (Fig. 2).

Based on MS/MS data analysis, the major ions in the spectrum of
E. coli sample were derived from phosphatidylethanolamine (PE)
and phosphatidylglycerol (PG), consistent with the observation of
two lipid species separated on TLC (Fig. 1A). Since PE is known as
the most dominant phospholipid in the membrane composition of
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Fig. 1. Analysis of lipids extracted from E. coli and F. novicida. (A) TLC analysis of
lipids extracted from uniformly 32P-labeled E. coli or F. novicida by the method of
Bligh and Dyer [7]. Lipids were separated by using solvent of chloroform, pyridine,
88% formic acid and water (50:50:16:5, v/v/v/v) and visualized with a PhosphorIm-
ager. About 10,000–15,000 cpm of 32P-labeled lipids was loaded on each lane. (B)
The percentage of the seven lipid species identified in F. novicida. Previously, A1 and
A2 have been characterized as free lipid A molecules [3]. Glycerophospholipids CL,
PG, PE and PC were identified in this work by ESI/MS/MS analysis. The percentage
of lipids was estimated according to their radioactivity on TLC.

Fig. 2. Negative ion ESI/MS spectra of the total lipids extracted from E. coli (A) and F. no
Dyer [7]. Only partial spectra in the range of m/z 500–900 were shown. All the major ions
ss Spectrometry 293 (2010) 45–50 47

E. coli [8], the major lipid species (the lower band) on the TLC of
E. coli sample should be PE, and the upper lipid band PG (Fig. 1A).
Because they migrate at the similar rate to E. coli PG and PE on
TLC, lipid species C and D in F. novicida could also be PG and PE,
respectively (Fig. 1A).

More lipid species exist in F. novicida as judged by MS/MS
analysis, consistent with the multiple lipid species detected on
TLC (Fig. 1A). For example, in the range of m/z 600–900, more
than 30 different peaks were observed in the ESI/MS spec-
trum of F. novicida lipid sample (Fig. 2B). Based on the MS/MS
analysis, ions at m/z 536.43 and 562.45 were derived from lyso-
phosphatidylethanolamine (lyso-PE) molecules which contain only
one single fatty acyl chain; ions at m/z 688.47, 690.46, 702.49,
716.47, 718.47, 732.51, 734.51, 744.54 and 746.54 were derived
from PE; ions at m/z 693.48, 721.47, 749.51, 773.53, 775.53, 777.53,
801.56, 803.56, 829.58, 831.59, 857.63, 859.63 and 887.66 were
derived from PG; minor doubly-charged ions at m/z 647.45 and
675.46 were derived from cardiolipin (CL).

Compared with the mass spectrum of E. coli lipids, F. novicida
lipids yield more ions in the m/z ranges of 500–600 and 800–900
(Fig. 2). Based on the MS/MS analysis, the ions in the m/z 500–600
are mainly derived from lyso-PE and ions in the m/z 800–900 are
mainly derived from PG. All these molecules contain longer fatty
acyl chains. To further confirm this, the fatty acids were extracted
from F. novicida lipids, and analyzed by GC/MS (Fig. 3). About 13
fatty acid species were detected. Among them, eight are satu-
rated, three mono-unsaturated, and two are hydroxyl fatty acids.
The hydroxyl fatty acids are likely derived from the free lipid A
molecules in F. novicida [3]. The most dominated fatty acid (18%) is
hexadecanoic acid (C16:0). The long chain fatty acids (C20:0, C22:0,
C24:0 and C24:1), however, make up 47% of the total fatty acids,
consistent with the MS/MS analysis.

3.2. Separation of F. novicida lipids by DEAE column

chromatography

To identify the phospholipids composition in F. novicida, a large
scale extraction of lipids from F. novicida was performed. The total
lipids extracted were fractionated by DEAE column. The lipids in

vicida (B). The lipids were extracted from the bacteria by the method of Bligh and
shown in the spectra were identified by MS/MS.
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Fig. 3. The GC/MS analysis of the total fatty acids extracted from F. novicida. The
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140.02 and 196.05 were derived from ions [HPO4CH2CH2NH2]−

F
s

otal lipids extracted from F. novicida were hydrolyzed, and the released free fatty
cids were analyzed by GC/MS.

ifferent fractions were analyzed by TLC. Lipid species A1, A2, D,
and F were observed in the run-through fraction, lipid species C
ere eluted in the fraction containing 60 mM ammonium acetate,

nd lipid species B mainly in the fraction containing 120 mM
mmonium acetate. These three lipid fractions were analyzed by
sing ESI/MS (Fig. 4); the major ions were subjected to MS/MS
nalysis. Lipid species A1, A2, D, E and F did not retain on the
EAE column, suggesting that they are either neutral or positively
hanged. Based on the MS/MS data, the major ions in the run-
hrough fraction at m/z 634.43, 662.46, 688.48, 690.47, 702.49,
16.49, 718.49, 732.50, 734.50, 744.55 and 746.55 (Fig. 4A) were
erived from PE (including lyso-PE) species. The ions correspond-

ng to A1 and A2 [3] were also observed in the run-through fraction
t m/z 1665.4 and 1827.5, respectively (data not shown).

Although lipid species B and C cannot be well separated on
he TLC (Fig. 1A), they can be separated on the DEAE column.
ipid species C were observed in the fraction of 60 mM ammo-
ium acetate, while lipid species B were observed in the fraction

f 120 mM ammonium acetate. In the ESI/MS spectrum of the
0 mM fraction (Fig. 4B), based on MS/MS analysis, the major

ons at m/z 665.42, 693.43, 719.45, 721.46, 747.48, 749.48, 773.52,
75.52, 777.52, 801.54, 803.54, 829.56, 831.56, 857.61, 859.61 and

ig. 4. Negative ion ESI/MS spectra of F. novicida lipids in different fractions of DEAE col
pectrum of lipids in the run-through fraction. (Panel B) The spectrum of lipids in the 60 m
ss Spectrometry 293 (2010) 45–50

887.65 were identified as PG species; in the ESI/MS spectrum of
the 120 mM fraction (Fig. 4C), the major doubly-charged ions at
m/z 647.45, 661.45, 675.46, 689.47, 703.47 and 730.51 were identi-
fied as CL species, and the singly-charged ions at m/z 693.46, 721.47,
749.51 and 803.57 were derived from the residual PG species. These
data suggest that the lipid species B and C of F. novicida observed
on the TLC (Fig. 1) are CL and PG, respectively.

3.3. Identification and characterization of
phosphatidylethanolamine in F. novicida

For lipid species A1, A2, D, E and F existed in the run-through
fraction of the DEAE column, we know that A1 and A2 are lipid A
species, and PE and lyso-PE species also exist, but the identification
of D, E and F are not clear. To this end, D, E and F lipid species were
purified by prep-TLC to homogeneity, and analyzed by ESI/MS/MS.
The spectrum of the purified lipid species D showed the similar
patterns to that of flow-through fraction (Fig. 4A), containing the
major ions at m/z 634.43, 662.46, 688.48, 690.47, 702.49, 716.49,
718.49, 732.50, 734.50, 744.55 and 746.55, suggesting that lipid
species D is PE. Further MS/MS analysis showed that F. novicida PE
molecules contain much longer fatty acyl chains than those of E. coli,
and prefer unsymmetrical fatty acid chains distribution on a single
glycerol backbone. For example, the ion at m/z 690.47 contains fatty
acids C10:0/C22:0 or C14:0/C18:0, the ion at m/z 716.49 contains
fatty acids of C10:0/C24:1, and the ion at m/z 718.49 contains fatty
acids of C10:0/C24:0.

In the ESI/MS spectrum of the purified lipid species E, major
peaks at m/z 536.37 and 562.36 were derived from lyso-PE
(Fig. 5A). This was confirmed by high resolution ESI/MS/MS
analysis of fragment ions at m/z 536.37 (Fig. 5B) and 562.36
(Fig. 5C). In both spectra, the peak at m/z 78.97 confirms the
presence of a phosphate group [PO3]−, while peaks at m/z
and [CH2C(OH)CH2PO4CH2CH2NH2]−, respectively, confirming the
presence of a PE head group. The only prominent peaks at m/z
339.34 and 365.37 in both spectra are the carboxylic anions of the
C22:0 and C24:1 fatty acids, respectively.

umn. Only partial spectra in the range of m/z 500–900 were shown. (Panel A) The
M fraction. (Panel C) The spectrum of lipids in the 120 mM fraction.
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ig. 5. Structure identification of lyso-PE extracted from F. novicida. (Panel A) The
SI/MS spectrum of the purified lyso-PE from F. novicida. (Panel B) The ESI/MS/MS
nalysis of the ion at m/z 536.4 in Panel A. (Panel C) The ESI/MS/MS analysis of the
on at m/z 562.4 in Panel A.

.4. Identification and characterization of phosphatidylcholine in
. novicida

The negative ion ESI/MS spectrum of lipid species F was not
nformative, as a result ESI/MS was carried out in the positive ion

ode (Fig. 6A). The difference between the m/z values of major
ons in the spectrum is 28 or 26, suggesting these ions may con-
ain fatty acids with 2 carbon difference. The major molecular ion
t m/z 784.55 was further analyzed by high resolution ESI/MS/MS
Fig. 6B). The fragment ion at m/z 146.98 is a characteristic ion for
he phosphocholine moiety (sodiated cyclophosphane). The ion at
/z 784.55 is the sodiated molecular ion [M+Na]+. The ion at m/z

25.48 is a fragment ion, [M+Na-59]+, by losing the trimethylamine
rom the molecular ion. Other major fragment ions at m/z 601.49
nd 579.51 result from loss of non-sodiated and sodiated choline
hosphate, [M+Na-183]+ and [M+Na-205]+, respectively. Similar
SI/MS/MS patterns of the other major ions at m/z 700.43, 728.46,

56.51, 784.55, 812.58, 838.60 and 866.63 were observed (data not
hown), suggesting these ions were all derived from sodiated phos-
hatidylcholine (PC). Because PC contains the positively charged
uaternary nitrogen in the head group, it could not be detected by

ig. 6. Structure identification of PC extracted from F. novicida. (Panel A) The posi-
ive ion ESI/MS spectrum of the purified PC from F. novicida. (Panel B) The positive
SI/MS/MS spectrum of the ion at m/z 784 in Panel A.
ss Spectrometry 293 (2010) 45–50 49

ESI/MS in negative ion mode. The identification of lipid species F as
PC is consistent with its absence in E. coli sample (Fig. 1A), and its
flow through the DEAE column.

4. Discussion

Membrane lipids in Gram-negative bacteria mainly include
glycerophospholipids and lipid A. Glycerophospholipids make up
the inner membrane and the inner layer of outer membrane, while
lipid A makes up the outer layer of the outer membrane. Different
types of bacteria make different types of membrane lipids, sug-
gesting that these lipids have functions other than as the building
blocks of the cell barrier. In this study, we analyzed the glycerophos-
pholipids in F. novicida, using TLC purification followed by ESI/MS
analysis. This method takes longer time but gives more accurate
results than HPLC/MS. The later method is fast and simple, there-
fore can be developed to detect bacteria. Except for PE and PG which
are made by most Gram-negative bacteria such as E. coli, F. novicida
also makes PC, CL and lyso-PE.

PC which is usually not synthesized in most Gram-negative bac-
teria such as E. coli was detected in F. novicida in this study. PC
is the major structural constituents of the eukaryotic membranes
and the major source of the lipid second messenger involved in
signal transduction pathways. PC has been found in a number of
prokaryotes that establish close interactions with eukaryotes, such
as symbionts, pathogens, and photosynthetic bacteria [9]. PC is
required for the survival of the respiratory pathogen Legionella
pneumophila within host cells [10]. The PC deletion mutant of Bru-
cella abortus displays a virulence defect in mice, indicating that PC
is necessary to sustain a chronic infection [11]. Amounts of CL in
bacteria usually depend on their physiologic state. Only a trace
amount of CL is produced during exponential growth, but it may
become the most dominant phospholipid under certain conditions
[12]. For instance, the levels of CL have been shown to increase
in the stationary phase [13], in response to energy deprivation
[14], and in response to osmotic stress [15,16]. Accordingly, the
expression level of cardiolipin synthase and its catalytic activity
increase when E. coli cultures reach the stationary phase [17,18].
The observation of CL in F. novicida lipid sample but not in E. coli
lipid sample (Fig. 1A) may be due to their physiologic state and
growth conditions. Lysophospholipids are usually bioactive. For
example, lysophosphatidic acid and cyclic-phosphatidic acid stim-
ulate a variety of responses that include cell survival, proliferation,
migration, invasion, wound healing, and angiogenesis.

Only PE (76%) and PG (24%) were reported as lipids of F. tularensis
LVS grown in a chemically defined medium [19]. It is necessary to
analyze the lipid profiles in other subspecies of Francisella to see if
they have the same pattern as that in F. novicida. Growth media and
phase conditions might be also be considered. Nevertheless in this
study we showed that F. novicida clearly makes specific phospho-
lipids which are not found in the model Gram-negative bacterium
E. coli. To elucidate the important role of these specific lipids in
Francisella, more studies on all subspecies of Francisella are need to
be done.

5. Conclusions

In this study, we have used ESI/MS to analyze the glycerophos-
pholipids in membranes of F. novicida. Phosphatidylglycerol,
phosphatidylethanolamine, cardiolipin, phosphatidylcholine and

lyso-phosphatidylethanolamine were found. These glycerophos-
pholipids contain fatty acids with broad range of chain lengths, and
the chain lengths of the two fatty acids on a single glycerophos-
pholipid molecule are unusually different. The special fatty acyl
composition of glycerophospholipids in F. tularensis could poten-
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ially be used to detect the F. tularensis, a highly infectious human
athogen.

cknowledgements

This research was supported by the NSFC Projects (30770114
nd 30870074), the Program of SKLF (SKLF-MB-200801), the 111
roject (111-2-06), and the Basic Research Programs of Jiangsu
rovince (BK2009003) to X. Wang. Z.G. and the mass spectrometry
acility in the Department of Biochemistry, Duke University Medical
enter, were supported by a LIPID MAPS glue grant (GM-069338)

rom the National Institutes of Health.

eferences

[1] M. Bogdanov, E. Mileykovskaya, W. Dowhan, Lipids in the assembly of mem-
brane proteins and organization of protein supercomplexes: implications for
lipid-linked disorders, Subcell Biochem. 49 (2008) 197–239.

[2] X. Wang, M. Bogdanov, W. Dowhan, Topology of polytopic membrane protein
subdomains is dictated by membrane phospholipid composition, EMBO J. 21
(2002) 5673–5681.

[3] X. Wang, A.A. Ribeiro, Z. Guan, S.C. McGrath, R.J. Cotter, C.R. Raetz, Structure
and biosynthesis of free lipid A molecules that replace lipopolysaccharide in
Francisella tularensis subsp. novicida, Biochemistry 45 (2006) 14427–14440.

[4] X. Wang, S.C. McGrath, R.J. Cotter, C.R.H. Raetz, Expression cloning and periplas-
mic orientation of the Francisella novicida lipid A 4′-phosphatase LpxF, J. Biol.
Chem. 281 (2006) 9321–9330.
[5] X. Wang, A.A. Ribeiro, Z. Guan, S.N. Abraham, C.R. Raetz, Attenuated virulence
of a Francisella mutant lacking the lipid A 4′-phosphatase, Proc. Natl. Acad. Sci.
U.S.A. 104 (2007) 4136–4141.

[6] F.E. Nano, N. Zhang, S.C. Cowley, K.E. Klose, K.K. Cheung, M.J. Roberts, J.S. Ludu,
G.W. Letendre, A.I. Meierovics, G. Stephens, K.L. Elkins, J. Bacteriol. 186 (2004)
6430–6436.

[

[

ss Spectrometry 293 (2010) 45–50

[7] E.G. Bligh, J.J. Dyer, A rapid method of total lipid extraction and purification,
Can. J. Biochem. Physiol. 37 (1959) 911–917.

[8] D. Oursel, C. Loutelier-Bourhis, N. Orange, S. Chevalier, V. Norris, C.M. Lange,
Lipid composition of membranes of Escherichia coli by liquid chromatogra-
phy/tandem mass spectrometry using negative electrospray ionization, Rapid
Commun. Mass Spectrom. 21 (2007) 1721–1728.

[9] C. Sohlenkamp, I.M. Lopez-Lara, O. Geiger, Biosynthesis of phosphatidylcholine
in bacteria, Prog. Lipid Res. 42 (2003) 115–162.

10] G.M. Conover, F. Martinez-Morales, M.I. Heidtman, Z.Q. Luo, M. Tang, C. Chen,
O. Geiger, R.R. Isberg, Phosphatidylcholine synthesis is required for optimal
function of Legionella pneumophila virulence determinants, Cell Microbiol. 10
(2008) 514–528.

11] D.J. Comerci, S. Altabe, D. de Mendoza, R.A. Ugalde, Brucella abortus synthesizes
phosphatidylcholine from choline provided by the host, J. Bacteriol. 188 (2006)
1929–1934.

12] I. Shibuya, Metabolic regulations and biological functions of phospholipids in
Escherichia coli, Prog. Lipid Res. 31 (1992) 245–299.

13] S.A. Short, D.C. White, Metabolism of phosphatidylglycerol, lysophosphatidyl-
glycerol and cardiolipin of Staphylococcus aureus, J. Bacteriol. 108 (1971)
219–226.

14] H.U. Koch, R. Haas, W. Fischer, The role of lipoteichoic acid biosynthesis in
membrane lipid metabolism of growing Staphylococcus aureus, Eur. J. Biochem.
138 (1984) 357–363.

15] Y. Kanemasa, T. Yioshioka, H. Hayashi, Alteration of the phospholipid compo-
sition of Staphylococcus aureus cultures in medium containing NaCl, Biochim.
Biophys. Acta 280 (1972) 444–450.

16] L. Catucci, N. Depalo, V.M.T. Lattanzio, A. Agostiano, A. Corcelli, Neosynthesis of
cardiolipin in Rhodobacter sphaeroides under osmotic stress, Biochemistry 43
(2004) 15066–15072.

17] S. Heber, B.E. Tropp, Genetic regulation of cardiolipin synthase in Escherichia
18] S. Hiraoka, H. Matsuzaki, I. Shibuya, Active increase in cardiolipin synthesis in
the stationary phase and its physiological significance in Escherichia coli, FEBS
Lett. 336 (1993) 221–224.

19] R. Anderson, A.R. Bhatti, Fatty acid distribution in the phospholipids of Fran-
cisella tularensis, Lipids 21 (1986) 669–671.


	Application of electrospray ionization mass spectrometry to characterize glycerophospholipids in Francisella tularensis su...
	Introduction
	Experimental procedures
	Materials
	Isolation of lipids from 32P-labeled cells
	Extraction and purification of phospholipids from F. novicida U112
	ESI/MS/MS analysis
	The extraction of fatty acids from the total lipids
	GC/MS analysis

	Results
	TLC and MS analysis of total lipids of F. novicida
	Separation of F. novicida lipids by DEAE column chromatography
	Identification and characterization of phosphatidylethanolamine in F. novicida
	Identification and characterization of phosphatidylcholine in F. novicida

	Discussion
	Conclusions
	Acknowledgements
	References


