ASBMB

JOURNAL OF LIPID RESEARCH

I

methods

Microextraction of bacterial lipid A: easy and rapid
method for mass spectrometric characterization
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Abstract Endotoxins (lipopolysaccharides) are the main
components of Gram-negative bacterial outer membranes.
A quick and simple way to isolate their lipid region (lipid A)
directly from whole bacterial cells was devised. This method
using hot ammonium-isobutyrate solvent was applied to
small quantities of cells and proved to be indispensable when
a rapid characterization of lipid A structure by mass spec-
trometry was required. Biological activities of endotoxins
are directly related to the lipid A structures, which vary
greatly with cell growth conditions.fil This method is suit-
able for rough- and smooth-type bacteria and very efficient
for screening variations in lipid A structures. Data are ac-
quired in a few hours and avoid the use of phenol in extrac-
tion.—FEl Hamidi, A., A. Tirsoaga, A. Novikov, A. Hussein,
and M. Caroff. Microextraction of bacterial lipid A: easy
and rapid method for mass spectrometric characterization.
J- Lipid Res. 2005. 46: 1773-1778.
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Lipopolysaccharides (LPSs) are the major components
of the external membrane of almost all Gram-negative
bacteria (1, 2); they are known as endotoxins and may
cause several pathophysiological symptoms, such as fever,
diarrhea, blood pressure decrease, septic shock, and
death (3).

The LPS molecular architecture consists of three differ-
ent regions. The innermost, hydrophobic region, lipid A,
is responsible for the major toxic and beneficial proper-
ties of bacterial endotoxins (4). Lipid A is the least vari-
able part of the molecule among the different species of a
genus, and its structure generally consists of a diglu-
cosamine backbone substituted with varying numbers
(usually four to seven) of ester- or amide-linked fatty acids.
Phosphate and/or other substituents are linked to car-
bons at the C-1 and C-4' positions of the glucosamine di-
saccharide (5). A 2-keto-3-deoxyoctonate (Kdo) unit links
the lipid A to a core oligosaccharide (OS) composed of
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~10 sugar residues divided into two regions: a best con-
served inner core part and a distal outer core. The core is
linked to a third outermost region of a highly immuno-
genic and variable O-chain polysaccharide (PS) or O-anti-
gen made up of repeating OS units. The latter region of
the LPS molecule is responsible for bacterial serological
strain specificity (6) and is present only in smooth-type
bacteria. The so-called rough-type bacteria produce LPSs
lacking O-antigens.

Endotoxin can be isolated from Gram-negative bacteria
by different methods, the most efficient and commonly
used one being the hot phenol-water extraction proce-
dure introduced by Westphal and Luderitz (7). It was later
modified by different authors (8, 9), and specific methods
were developed for rough-type endotoxin extractions (10,
11). However, each method requires several days for the
extraction and purification of endotoxins and further
steps to isolate the lipid A moiety. New methods have been
described to extract LPS from small quantities of cells,
such as by mini phenol extraction (12) or using an RNA-
isolating reagent, but these methods still require 2 or 3
days and the use of phenol (13).

In early experiments, mineral acid hydrolysis was used
to liberate lipid A from endotoxins, splitting the acido-
labile ketosidic bond of Kdo. It was followed in 1963 by a
milder hydrolysis treatment using acetic acid (14). Exces-
sively long and strong hydrolytic conditions, which are
sometimes necessary to release the lipid A-PS, results in
some dephosphorylation and O-deacylation of lipid A
(15). Such modifications strongly diminish the biological
activities of the molecule. Milder hydrolysis conditions,
such as pH 4.5 sodium acetate buffer, were often shown to
be efficient for lipid A liberation (16) and were usually im-
proved by adding SDS (17) when the hydrolysis kinetics
were too slow or totally ineffective.

Abbreviations: Kdo, 2-keto-3-deoxyoctonate; MALDI, matrix-assisted
laser desorption/ionization; LPS, lipopolysaccharide; OS, oligosaccha-
ride; PS, polysaccharide.
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It is often necessary to check the reproducibility of bac-
terial LPS extractions and to characterize structural modi-
fications having potential effects on biological activities.
Such characterization may also be necessary to determine
the consequences of variability in cell growth conditions
(temperature, salt concentration, etc.).

We recently developed new conditions for extracting
rough-type endotoxins with ammonium isobutyrate in a
quick and simple way (Caroff, M. patent 2004/062690
Al). The method used the solubility capacities of a solvent
originally used for paper chromatography of peptidogly-
can fragments or *C-labeled LPSs (18). Here, we present
a new lipid A microisolation procedure performed di-
rectly on bacterial cells using this solvent. The method is
broadly applicable to different Gram-negative bacteria and
is appropriate for the analysis of small amounts of cells.

MATERIALS AND METHODS

Bacterial strains

Bacterial strains used were Haemophilus influenzae (strain b
Eagan) and the smooth-type bacteria Bordetella holmesii (ATCC
51541), both from National Research Council (Ottawa, Canada),
Escherichia coli (strain C60) from Insitut de Biochimie, Biophy-
sique Moléculaire et Cellulaire (Orsay, France), and Bordetella per-
tussis (strain Bp1414) from the Institut Mérieux (Lyon, France).

Thin-layer chromatography

Chromatography was performed on aluminum-backed silica
TLC plates (Merck), and compounds were visualized by charring
(145°C after spraying with 10% sulfuric acid in ethanol). Solvent
1 was a mixture of isobutyric acid-molar ammonium hydroxide
[3:5 (v/v) for OSs and 5:3 (v/v) for LPS] (19). The latter was
also used for kinetics when lipid A, LPS, and PSs had to be seen
on the same plate. Solvent 2 used for lipid A sample migration
was a mixture of chloroform-methanol-water-triethylamine
(3:1.5:0.25:0.1, v/v), as described previously (17).

LPS hydrolyses

Acetic acid hydrolysis. The LPSs were cleaved by hydrolysis in
1% acetic acid at 100°C for 1.5 h at a concentration of 5 mg/ml.
Lipid A was recovered from the lyophilized residue by two ex-
tractions with a volume of 0.5 ml of a chloroform-methanol-water
(3:2:0.25, v/v) mixture.

Detergent-promoted hydrolysis. The LPSs were cleaved by hydroly-
sis in 20 mM Na acetic acid-sodium acetate buffer, pH 4.5, and
1% Na dodecyl sulfate at 100°C for 1 h at a concentration of 5
mg/ml, and lipid A was isolated as described previously (17).

Matrix-assisted laser desorption/ionization negative ion
mass spectrometry

Analyses were performed on a PerSeptive Voyager-DE STR
model time-of-flight mass spectrometer (Applied Biosystems;
Institut de Biochimie, Biophysique Moléculaire et Cellulaire,
IFR46, Université de Paris XI) in linear mode with delayed ex-
traction. The ion-accelerating voltage was set at 20 kV. Dihydroxy-
benzoic acid (Sigma Chemical Co., St. Louis, MO) was used as a
matrix. A few microliters of lipid A suspension (1 mg/ml) was
desalted with a few grains of ion-exchange resin (Dowex 50W-X8;
H™) either in an Eppendorf tube or as a single droplet onto a
piece of Parafilm® for small samples. A 1 pl aliquot of the sus-
pension (50-100 wl) was deposited on the target and covered
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with the same amount of the matrix suspended at 10 mg/ml in a
0.1 M solution of citric acid (20). Different ratios between the
samples and dihydroxybenzoic acid were tested when necessary.
B. pertussis or E. colilipids A were used as external standards.

Cell wash

This procedure was advisable with E. coli but not B. pertussis
lipid A, so it should be used only when a high content of phos-
pholipid contaminants appears in the matrix-assisted laser de-
sorption/ionization (MALDI) spectra. To remove most of the
membrane phospholipids, lyophilized bacterial cells (10 mg)
were washed twice with 400 pl of a fresh, single-phase mixture of
chloroform-methanol (1:2, v/v) and once with 400 pl of chloro-
form-methanol-water (3:2:0.25, v/v). The insoluble material, cor-
responding to washed cells, was recovered by centrifugation in
the pellet, and the supernatants were discarded.

Lipid A isolation from whole cells

Lyophilized crude or freshly washed cells (10 mg) were sus-
pended in 400 pl of isobutyric acid-ammonium hydroxide 1M
(5:3, v/v) and were kept for 2 h at 100°C in a screw-cap test tube
under magnetic stirring. The mixture was cooled in ice water
and centrifuged (2,000 g for 15 min). The supernatant was di-
luted with water (1:1, v/v) and lyophilized. The sample was then
washed twice with 400 pl of methanol and centrifuged (2,000 g
for 15 min). Finally, the insoluble lipid A was solubilized and ex-
tracted once in 100-200 pl of a mixture of chloroform-methanol-
water (3:1.5:0.25, v/v). For 1 mg samples, 100 pl of the different
solvent mixtures were used at each step.

Monitoring the kinetics of lipid A release by TLC

After repeating the above procedure up to the methanol wash
and centrifugation, the residues were suspended in water or
small volumes of isobutyric acid-ammonium hydroxide (1IM) (5:3,
v/v), deposited on the plate, chromatographed in the same mix-
ture of solvents, dried, and charred (19).

RESULTS AND DISCUSSION

The need for a rapid method to check the variability of
lipid A structures with growth conditions of bacteria initi-
ated our search for new isolation methods. The mild SDS
promoted hydrolysis at pH 4.5 (17) and had been applied
directly on bacterial cells with success (21). However, this
method was too time-consuming for our purpose.

The extraction of LPS with methanol as described in
the literature was limited to deep-rough LPSs (11). The
tri-reagent extraction method (13) used for all types of
LPS was also time-consuming and did not avoid the use of
phenol. In this work, we examined the capacity of ammo-
nium-isobutyrate to simultaneously extract and hydrolyze
the endotoxin directly from bacterial cells.

Different conditions of concentrations, temperatures
(40, 60, 80, and 100°C), time (30 min, 1 h, 1.5 h, 2 h, 3 h,
and 4 h), and mixtures of solvents [isobutyric acid-water
(1:1), isobutyric acid: (1M and 2 M)-ammonium hydroxide
(5:3), and pure isobutyric acid] were tested. Splitting ki-
netics were visualized by thin-layer chromatography (19),
followed by more accurate analysis by MALDI mass spec-
trometry (20).

The best results were obtained with the 5:3 (M) mixture
for the endotoxins tested. Good splitting results were ob-
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Fig. 1. Monitoring, by TLC, of the kinetics of B. pertussis cell hydro-
lysis at 100°C in a mixture of isobutyric acid-molar ammonium hy-
droxide (5:3). The TLC was run in the same solvent (19). B. pertussis
lipid A (lane a), polysaccharide (PS; lane b), and lipopolysaccharide
(LPS; lane g) were used as standards. LPS and its fragments (lipid A
and LPS) released upon hydrolysis at 1 h (lane ¢), 1.5 h (lane d), 2 h
(lane e), and 3 h (lane f) were compared. £, front; o, origin.

tained at 100°C in a few hours without degradation of LPS
components. If any dephosphorylation occurred during
the testing of the conditions, it was indicated in the spec-
tra by the appearance of peaks at m/z —80 Da, and the du-
ration of hydrolysis was reduced. At lower temperatures,
no or incomplete splitting was observed. It is highly rec-
ommended that the proper mixture of solvents and hy-
drolysis conditions be determined for each bacterium.
The isobutyrate TLC solvent system 1 (19) allowed quick
visualization of the uncleaved native B. pertussis endotoxin
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and of the released OS and lipid A moieties as a function of
time. As expected and shown in Fig. 1, the LPS spots de-
creased progressively as those of OS and lipid A increased,
giving a first indication of the splitting rate. This easy test
allowed a preselection of the hydrolytic conditions. Lipid
A is rarely composed of a single molecular species: in the
case of the B. pertussis cells used in this laboratory, it con-
sists of two to three molecular species, as seen in the spec-
tra (22). Therefore, on thin-layer chromatography, the lipid
A preparation gives two or three spots, more or less discrete.
There is also a slight difference between the migration of
pure isolated lipid A and that of lipid A liberated in the
solvent system, because of the presence of salts in the lat-
ter. The charring method is also less sensitive for lipid A
than for LPS or PS because it has fewer hydroxyl groups.

This experiment was followed by extraction of the lipid
A with a mixture of solvents (17) and TLC of the concen-
trated extracts in solvent system 2, as well as MS analyses.
These data confirmed the choice of 2 h of hydrolysis at
100°C in the solvent mixture isobutyric acid-ammonium
hydroxide (1M) (5:3).

Figure 2 shows a comparison by TLC of B. pertussis lipid
A thus obtained (Fig. 2A), with lipids A obtained by hy-
drolysis of the B. pertussis endotoxin by the SDS-pH 4.5
method (Fig. 2B) and by the 1% acetic acid method for
1.5 h at 100°C (Fig. 2C). Less degradation was observed
with the methods shown in Fig. 2A, B, as shown by the ab-
sence of fast-migrating products corresponding to de-
phosphorylated lipid A molecular species. These results

C]T TR

T

I |
1332+1388 | 1252

1558 1478

Fig. 2. Negative-ion matrix-assisted laser desorption/ionization (MALDI) mass spectrometry and TLC comparison of B. pertussis lipid A
obtained by different methods. A: Hydrolysis of B. pertussis cells by isobutyric acid-molar ammonium hydroxide (5:3, v/v) for 2 h at 100°C. B:
Hydrolysis of B. pertussis LPS by SDS-pH 4.5 for 1 h at 100°C. C: Hydrolysis of B. pertussis LPS by 1% acetic acid for 1.5 h at 100°C. Molecular
species visualized by TLC were labeled with the corresponding masses obtained in MALDI.
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were confirmed by MALDI analyses of the lipid A samples.
The spectrum shown in Fig. 2A was obtained by the present
method and shows two peaks corresponding to the mi-
grating molecular species of the penta-acyl and tetra-acyl
B. pertussis lipid A (1,558Da and 1,332Da, respectively).
The presence of these two molecular species in lipid A ob-
tained by mild hydrolysis has already been described for
this hypoacylated lipid A (22). It is very similar to the spec-
trum shown in Fig. 2B obtained for lipid A after the mild
SDS-pH 4.5 hydrolysis (17). The lipid obtained by hydroly-
sis in acetic acid showed some degradation (Fig. 2C), es-
pecially by the loss of phosphate groups from the two
main molecular species with peaks at m/z 1,252 and 1,478.
The presence of the glycosidic phosphate in MALDI spec-
tra was a good indicator of structure integrity, the latter
being the more labile component of such molecules (17).

Different rough-type bacteria of known lipid A struc-
ture were tested: B. pertussis (22), H. influenzae (23), and
E. coli (24). MALDI spectra in the negative-ion mode dem-
onstrated that no structural elements were lost upon hy-
drolysis. Each spectrum obtained with the new method
was compared with the corresponding spectrum obtained
after SDS-promoted hydrolysis of the phenol-extracted en-
dotoxins. They were found to give similar results in terms
of lipid A structural integrity.

Dephosphorylation and O-deacylation of lipid A (25)
are modifications that strongly diminish the biological ac-
tivities of lipid A, as shown, for example, by the loss of tox-
icity and pyrogenicity of the B. pertussis lipid A after re-
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Fig. 3. Negative-ion MALDI mass spectra and structures of the main molecular species present in E. coli (A), B. pertussis (B), and H. influ-

2000

lease of the glycosidic phosphate (26). The use of SDS to
disrupt micellar LPS suspensions during hydrolysis (17)
proved to be effective in favoring hydrolysis of the keto-
sidic bond of Kdo at pH 4.5. In the present experiments,
the solvent used for extraction of endotoxins combines
the effect of solubilization of the endotoxin and gives a fi-
nal pH of 4.2-4.3, somewhat lower than the conventional
pH of acetic acid-sodium acetate buffer, but a weaker acid
that is ideal for preserving linkages involving more labile
structural elements. It is recommended that the condi-
tions to be used on the same or similar types of cells be
tested before their use in a routine procedure. In some
cases, partial dephosphorylation can help with the struc-
tural determination of unknown lipids A, a more common
difference of 80Da suggesting the loss of a glycosidic phos-
phate. Differences corresponding with the molecular weight
of other compounds such as sugars can be expected with
other structures (4). Thus, as already mentioned, precise
experimental conditions have to be defined for each par-
ticular purpose and bacterium.

Spectra obtained for the three tested bacteria under the
new conditions of hydrolysis are presented in Fig. 3. Fig-
ure 3A shows the spectrum obtained for E. colilipid A (24)
under the new conditions with the classical hexa-acylated
molecular species at m/z 1,797 followed by penta- and
tetra-acylated molecular species at m/z 1,570 and 1,361, re-
spectively. For B. pertussis lipid A (Fig. 3B), two main peaks
are present corresponding to the tetra- and penta-acylated
molecular species at m/z 1,332 and 1,558, respectively (22,
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enzae (C) lipids A obtained after hydrolysis of the cells by isobutyric acid-molar ammonium hydroxide (5:3, v/v) for 2 h at 100°C. MW, molec-

ular weight.
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27). Some minor peaks correspond to the presence of
fatty acids with two additional carbons. H. influenzae lipid
A (23) extracted under the new conditions gave the spec-
trum shown in Fig. 3C. Three main peaks are observed at
m/z 1,824, 1,599, and 1,388, corresponding, respectively,
to hexa-, penta-, and tetra-acylated molecular species.
Small peaks at m/z 1,308 and 1,744 are attributable to a
slight dephosphorylation of the main molecular species.
The peak at m/z 1,163 present in the three spectra corre-
sponds to a triacylated molecular species.

The sensitivity of the method was tested on E. coli cells
and found to be reproducible and to give good quality
spectra on samples of lyophilized cells as small as 250 ng.
In this case, the concentrations were decreased to facili-
tate handling of the samples (see Materials and Methods).
No variations in the results were observed with the new
concentrations. The limit of detection was found to be
50-100 ng depending on the cells tested.

The experimental conditions used with the above bacte-
ria having known structures were then tested on cells of a
recently isolated smooth-type Bordetella species: B. holmesii
(28). Most of the Bordetella species examined to date have
displayed different lipid A structures. The B. holmesii lipid A
spectrum isolated by the new conditions was compared
with that of B. pertussis, the “prototype” of the genus that is
responsible for whooping cough, and to those of other Bor-
detella species. The spectrum revealed structural differences
from that of the B. pertussis lipid A. The heterogeneous
spectrum, however, did give mass peaks corresponding to
molecular species found in other Bordelella species, such as
B. bronchiseptica (29) and B. hinzii (30). The detailed struc-
ture will be described in a future publication.

Comparisons of lipid A structures are essential when
they are associated with and related to different biological
activities or bacterial resistance. Good examples are the pres-
ence or absence of a single fatty acid (31-33) or of substit-
uents on the C-1 and/or C-4' phosphates (34). Such struc-
tural differences could be easily demonstrated by the
present method on small cell samples.

In conclusion, this method proved to be rapid and efficient
in providing information on lipid A structures. It can be used
to check the stability of bacterial extracts, to determine struc-
tural variations resulting from varied culture conditions, and
to characterize structures obtained in low yield. Al
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