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The chemical structure of lipid A from the lipopolysaccha-
ride of the mushroom-associated bacterium Pseudomonas
reactans, a pathogen of cultivated mushroom, was elucida-
ted by compositional analysis and spectroscopic methods
(MALDI-TOF and two-dimensional NMR). The sugar
backbone was composed of the b-(1¢ fi 6)-linked D-gluco-
samine disaccharide 1-phosphate. The lipid A fraction
showed remarkable heterogeneity with respect to the fatty
acid and phosphate composition. The major species are
hexacylated and pentacylated lipid A, bearing the (R)-3-
hydroxydodecanoic acid [C12:0 (3OH)] in amide linkage and

a (R)-3-hydroxydecanoic [C10:0 (3OH)] in ester linkage
while the secondary fatty acids are present as C12:0 and/or
C12:0 (2-OH). A nonstoichiometric phosphate substitution
at position C-4¢ of the distal 2-deoxy-2-amino-glucose was
detected. Interestingly, the pentacyl lipid A is lacking a
primary fatty acid, namely the C10:0 (3-OH) at position
C-3¢. The potential biological meaning of this peculiar
lipid A is also discussed.

Keywords: cultivated mushrooms; lipid A; MALDI-TOF;
NMR; Pseudomonas reactans.

Lipopolysaccharides (LPS) of Gram-negative bacteria are
composed of three genetically and structurally distinct
regions: the O-specific polysaccharide (O-chain, O-antigen),
the core oligosaccharide and a lipophilic portion, termed
lipid A, which anchors the molecule to the bacterial outer
membrane.
In animal pathogenic bacteria, lipid A is the endotoxic

portion of LPS and its conservative structure usually
consists of a glucosamine (GlcN) disaccharide backbone
which is phosphorylated at positions 1 and 4¢ and is acylated
at the positions 2, 3, 2¢ and 3¢ of the GlcN I (proximal) and
GlcN II (distal) residue with 3-hydroxy fatty acids [1].
To date, very little is known about the structure and

functions of lipid A in nonanimal associated bacteria [2] but
they should be important in understanding of mechanisms
of infection. Moreover, the study of lipid A structures from
nontoxic Gram-negative bacteria is extremely important in
order to identify lipid A analogues which can antagonize
the biological activation of competent mammalian host-
cells by lipid A. This was the case of the lipid A of

Rhodobacter capsulatus and its synthesized analogue
labelled as E5531 [3].
The LPS fraction of the bacterium Pseudomonas reactans

was analysed within this context and also with the purpose
of a polyphenetic characterization of this still unclassified
bacteria entity.
Ps. reactans is considered to be a saprophytic mushroom-

associated bacterium [4]; however, recent studies have
shown that the bacterium is responsible for alteration of
Pleurotus and Agaricus spp. cultivated mushrooms. In
particular, it appears that brown and yellow blotch diseases
of A. bisporus and P. ostreatus are complex diseases caused
by both Ps. tolaasii and Ps. reactans [5,6]. The latter
bacterium is also the causal agent of yellowing of P. eryngii
[7].

M A T E R I A L S A N D M E T H O D S

Growth of bacteria, isolation of LPS and lipid A
and de-O-acylation of lipid A

Strain NCPPB1311 of Ps. reactans, was maintained lyoph-
ilized at 4 �C and routinely grown on KB agar slants at
25 �C. Bacterial cells for LPS extraction were obtained by
growing the above strain in 500-mL conical flasks filled with
200 mL liquid KB on a rotary shaker at 150 r.p.m. at 25 �C
for 48 h. Cultures were centrifuged (12 000 g, 15 min), the
pellet washed twice with 0.8% NaCl and the cells were
freeze-dried. The dried cells (9 g) from 4.8 L culture filtrates
of Ps. reactans were suspended in 390 mL ultrapure water
and extractedwith hot phenol according to the conventional
procedure [8] (yield of LPS: 300 mg, 3% of bacterial dry
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mass). The LPS content of both phases was checked by
SDS/PAGE [9], Kdo (3-deoxy-D-manno-oct-2-ulosonic
acid) and 3-hydroxy fatty acid content [10]. To obtain
lipid A, the LPS (100 mg) was hydrolysed with aqueous 1%
AcOH for 2 h at 100 �C and ultracentrifuged (110 000 g,
4 �C, 1 h). The precipitate thus obtained was washed twice
with water and lyophilized (lipid A, yield: 7 mg, 7% of
LPS). Alternatively, LPS (200 mg) was hydrolysed with
acetate buffer (25 mL) at pH 4.4, containing 0.1% SDS at
100 �C for 2 h. Then the solution was lyophilized, extracted
once with 2 M HCl/ethanol and twice with ethanol, dried,
re-dissolved in water and ultracentrifuged (110 000 g, 4 �C,
1 h). The sediment was washed four times with water and
lyophilized (lipid A, yield: 12 mg, 6% of LPS).
An aliquot of lipid A (10 mg) was de-O-acylated with

anhydrous hydrazine in tetrahydrofurane at 37 �C for
90 min, cooled, poured into ice-cold acetone (30 mL) and
centrifuged (5000 g, 15 min). The precipitate was washed
twice with ice-cold acetone, dried, then dissolved in water
and lyophilized.
Mild de-O-acylation with ammonium hydroxide was

achieved by treatment of the lipid A fraction (1 mg) with
12% aqueous NH3 (200 lL) at 20 �C 18 h.

MALDI-TOF analysis

MALDI-TOF analyses were conducted using a Perseptive
(Framingham, MA, USA) Voyager STR instrument
equipped with delayed extraction technology and with a
reflectron. Ions formed by a pulsedUV laser beam (nitrogen
laser, k ¼ 337 nm) were accelerated through 20 kV. Mass
spectra reported are the result of 128 laser shots, and mass
accuracy <10 p.p.m. in reflectron mode. Insulin and
myoglobin were used for external calibration. The dried
samples was dissolved in CHCl3/CH3OH (50/50, v/v) at a
concentration of 25 pmolÆmL)1. The matrix solution was
prepared by dissolving 2,5-dihydroxybenzoic acid in
CH3OH at a concentration of 30 mgÆmL)1 or trihydroxy-
acetophenone inCH3OH/0.1% trifluoroacetic acid/CH3CN
(7 : 2 : 1, v/v) at a concentration of 75 mgÆmL)1. A sample/
matrix solution mixture (1 : 10, v/v) was deposited (1 mL)
onto a stainless steel gold-plated 100-sampleMALDI probe
tip, and dried at 20 �C.

NMR spectroscopy

The 1H-, 13C- and 31P-NMRspectrawere obtained at 333 K
in DMSO-d6 at 400, 100 and 162 MHz, respectively, with a
Bruker DRX 400 spectrometer equipped with a reverse
probe. 13C and 1H chemical shifts are expressed in d relative
to dimethyl sulfoxide (dH 2.49, dC 39.7). Two-dimensional
spectra (DQF-COSY, TOCSY, ROESY, HSQC and
HMBC) were measured using standard Bruker software.
All homonuclear experiments were performed acquiring

4096 data points in the F2 dimension with 512 experiments
in F1. The data matrix was zero-filled in the F1 dimension
to give a matrix of 4096 · 2048 points and was resolution
enhanced in both dimensions by a shifted sine-bell function
before Fourier transformation. The TOCSY experiment
was performed with a mixing time of 80 ms, while a mixing
time of 300 ms was used in the ROESY experiment. The
heteronuclear experiments were performed using pulse field
gradient programs as gHSQC and gHMBC.

Gas chromatography

GC was performed on a Hewlett-Packard 5890 instrument,
SPB-5 capillary column (0.25 mm · 30 m, Supelco), for
methylation analysis of sugars the temperature program
was: 150 �C for 5 min, then 5 �CÆmin)1 to 300 �C and for
monosaccharide absolute configuration analysis: 150 �C
for 8 min, then 2 �CÆmin)1 to 200 �C for 0 min, then
6 �CÆmin)1 to 260 �C for 5 min. For fatty acids analysis the
temperature program was 150 �C for 3 min, then
10 �CÆmin)1 to 280 �C over 20 min.

Phosphate and monosaccharide analysis

Phosphate content was determined according to Kaca
et al. [11]. The monosaccharides were identified as
acetylated O-methyl glycosides derivatives: briefly, sam-
ples were methanolysed with 1 M HCl/MeOH at 80 �C
for 20 h, dried under reduced pressure and extracted with
methanol/hexane. The methanolic phase, containing the
O-methyl glycosides, was acetylated with acetic anhydride
in pyridine at 80 �C for 30 min. After work-up, the
product was analysed by GLC-MS. The absolute confi-
guration of monosaccharides was determined by GLC of
their acetylated glycosides according to Leontein and
Lönngren [12].
Methylation analysis was carried out on de-phosphoryl-

ated and reduced product: briefly, the sample (1 mg) was
kept at 4 �C, 48 h, in HF 48% (200 lL) and then
evaporated under a stream of nitrogen. It was dissolved in
water and one drop of pyridine and reduced 18 h with
NaBH4. After work-up, methylation was performed with
methyl iodide as described by Ciucanu and Kerek [13]. The
hydrolysis of themethylated sugar backbonewas performed
with 4 M trifluoroacetic acid (100 �C, 4 h) and the partially
methylated product, after reduction with NaBH4, was
converted into alditol acetates with acetic anhydride in
pyridine at 80 �C for 30 min and analysed by GLC-MS as
described above.

Fatty acids analysis

Total fatty acid and O-linked fatty acid content was
determined as described by Wollenweber and Rietschel
[10]. Briefly, two successive hydrolyses were performed:
first, in 4 M HCl at 100 �C for 4 h and then 5 M NaOH at
100 �C for 30 min Then the pH was adjusted to slight
acidity, fatty acids were extracted with chloroform and
esterified with diazomethane. Finally, they were analysed
by GLC-MS in the above conditions. Alternatively, fatty
acids were obtained after methanolysis of the lipid A and
extraction of the sample with n-hexane followed by GLC-
MS analysis.
The ester bound fatty acids were released by mild

hydrolysis of lipid A with (0.5 M) NaOH/methanol (1 : 1)
at 85 �C for 120 min, then the pH was adjusted to slight
acidity and the product extracted in chloroform. After
methylation with diazomethane it was analysed by GLC-
MS.
The absolute configuration of 2-hydroxy and 3-hydroxy

fatty acids was determined by GLC according to Bryn and
Rietschel [14,15].
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R E S U L T S

Isolation and characterization of lipid A
from Ps. reactans

The extraction of dried bacterial cells using phenol/water
method yielded LPS in the phenol phase. The LPS was
obtained after extensive dialysis and centrifugation. The
compositional analysis revealed the presence of Kdo and
hydroxy fattyacids, typical componentsofLPS.SDS/PAGE
revealed a ladder-like pattern typical of an S-form LPS.
The LPS was hydrolysed with AcOH or AcONa to

obtain the lipid A moiety. Both conditions gave the same
lipid A composition as judged by MALDI-TOF spectro-
metry and compositional analysis. Compositional analysis
further revealed the presence of a phosphate and GlcN.
Methylation analysis of the de-phosphorylated and reduced
sample showed the presence of 6-substituted GlcNol and
terminal GlcN. The absolute configuration of the GlcN was
demonstrated to be D. Fatty acid analysis revealed the
presence of (R)-3-hydroxydodecanoic [C12:0 (3-OH)]
exclusively as amides and (R)-3-hydroxydecanoic [C10:0
(3-OH)] (S)-2-hydroxydecanoic [C12:0 (2-OH)] and dodec-
anoic acid (C12:0) linked in ester linkage (molar ratio:
GlcN, 2; phosphate, 1.6; fatty acids, 5.2).

Analysis of de-O-acylated and de-phosphorylated
lipid A

The amide-linked fatty acids were identified using an aliquot
of the de-O-acylated lipid A with anhydrous hydrazine in

tetrahydrofurane. The resulting negative ion MALDI-TOF
mass spectrum (Fig. 1a) showed a peak at m/z 894.9 in
agreement with the presence of two C12:0 (3-OH) fatty
acids at the 2 and 2¢ positions of both GlcN residues and a
peak at m/z 815.1 lacking one phosphate (Dm/z 80). The
positive ion MALDI-TOF mass spectrum (Fig. 1b) con-
tained two oxonium ions produced by cleavage of the
glycosidic linkage. One at m/z 440.3 was attributable to the
GlcN II unit bearing a C12:0 (3-OH) and a phosphate
group, the latter missing in the other ion occurring at m/z
360.4. Accordingly, a nonstoichiometric phosphate substi-
tutionwas present on theGlcN II residue. Since the product
revealed a good solubility in dimethyl sulfoxide at 333 K
and the 1H-NMR spectrum of the product was of good
quality (Fig. 2A), a full two-dimensionalNMRanalysis was
performed (COSY, TOCSY, ROESY, HSQC). The NMR
data (Table 1) were in agreement with the results obtained
by MS. Thus two 1H anomeric signals at 5.274 and 4.760
with carbon correlation signals at 92.1 and 100.2 p.p.m.,
respectively, were present. The chemical shifts, the 3JH1,H2
and the 1JC,H were diagnostic of twoGlcN residues in a and
b anomeric configurations (1JC,H ¼ 173 and 165 Hz for a
and b, respectively). In the ROESY spectrum, besides the
expected intra-residue correlations typical of the b anomeric
configuration, the anomeric proton of GlcN II showed
inter-residue cross peaks with the two protons H-6a and
H-6b and the H-4 of GlcN I. These data, together with the
downfield shift of the C-6 of GlcN I, proved the b (1 fi 6)
linkage between the two sugars. Methylation analysis
confirmed the results obtained by NMR. The phosphate
substitution was inferred by a 1H, 31P HMQC spectrum
which indicated the anomeric a-substitution of the GlcN I
and the 4¢ substitution of the GlcN II (Fig. 2B). It is
interesting to note that the cross peak relative to the C-4¢
position was not as intense as the other one, suggesting a
nonstoichiometric substitution by the phosphate at C-4¢.
Therefore, the de-O-acylated lipid A was demonstrated to
be built up of two D-GlcN, two units of fatty acids C12:0
(3-OH) N-linked to both GlcN and phosphate residues at
position C-1 and nonstoichiometric at C4.
A different aliquot of the lipid A was de-phosphorylated

with HF and the product thus obtained was analysed by

Fig. 1. (A) Negative- and (B) positive-ionMALDI-TOFmass spectra of

de-O-acylated lipid A from Ps. reactans.

Fig. 2. (A) 1H-NMR spectrum and (B) 1H, 31P HMQC spectrum of

de-O-acylated lipid A from Ps. reactans.
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positive ion MALDI-TOF. The spectrum showed a remar-
kable heterogeneity with respect to fatty acid distribution
(Fig. 3A). In fact, two series of pseudomolecular ions atm/z
1495.4, 1479.3, 1463.4 and at m/z 1325.2, 1309.2, 1293.2
were present (Dm/z ¼ 170 between the two series). These
peaks were attributable to hexacyl and pentacyl lipid A
species. In the pentacyl lipid A, a primaryC10:0 (3-OH)was
missing. The GlcN which was missing the fatty acid was
identified by the oxonium cations, atm/z 728.4, 712.4 and at
m/z 558.3, 542.1 (Fig. 3B). The first two peaks were assigned
to oxonium ions both containing three fatty acids, a C10:0
(3-OH), a C12:0 (3-OH) and a C12:0, this last may or may
not bear hydroxy group at C-2, in agreement with the
Dm/z ¼ 16. The second series was attributable to the same
type of substitution except for the lack of a C10:0 (3-OH)
residue. Since the oxonium ion arises from GlcN II, the
C10:0 (3-OH) must be missing at the C-3¢ position and,
consequently, one unit of the C12:0 or C12:0 (2-OH) is
linked to the C-3 position of the N-linked fatty acid; no
information was available about the fatty acid distribution
on the proximal GlcN.

Analysis of intact lipid A and ammonium hydroxide
treated lipid A fractions

The negative ion MALDI-TOF (Fig. 4) mass spectrum of
the intact lipid A fraction mainly confirmed its fatty acid
heterogeneity showing two series of three ions. The first one

was atm/z 1632.4, 1616.4 and 1600.3 andwas attributed to a
hexacyl lipid A species. The first ion was endorsed as an ion
consisting of bisphosphorylatedGlcN backbone, two amide
linked C12:0 (3-OH) fatty acids and four ester linked fatty
acids, 2 · C10:0 (3-OH) and 2 · C12:0 (2-OH); the second
ion, most abundant, at m/z 1616.4 lacked one hydroxyl
group (Dm/z 16) while the third peak at m/z 1600.3 lacked
two hydroxyl groups, differing from the first one by 32 m/z.
The second series of ions was present at m/z 1462.0, 1446.3
and 1430.3 (Dm/z 170) and was ascribed to a pentacyl
lipid A lacking a C10:0 (3-OH). According to the integral of
the peaks in theMALDI spectrum, the pentacyl and hexacyl
species were present approximately in the same amount.
The position of the secondary fatty acid on the proximal

GlcN I was inferred by MALDI-TOF of the de-O-acylated
product with ammonium hydroxide at 20 �C for 18 h. This
mild procedure is able to split the acyl and acyloxyacyl esters
selectively, leaving the acyl and acyloxyacyl amides unaf-
fected (work is in progress to show the general applicability
of this method). This was particularly useful when the
product was analysed by MALDI-TOF (Fig. 5): the
presence of three ions at m/z 1291.4, 1275.4 and 1259.4
(Dm/z 340 from the molecular hexacyl ion species) was
diagnostic of a loss of two C10:0 (3-OH). These ions were
assigned to tetracyl species with two acyloxyacyl amides in
which the secondary fatty acids are C12:0 (2-OH) or C12:0.
Thus, the hydrolysis of only these two primary fatty acids
linked as esters allowed the assignment of the secondary
fatty acid position which must be at C-3 of the amide linked
fatty acids, i.e. on C12:0 (3-OH).

Table 1. 1H-, 13C-and 31P-NMR resonance of the bis-phosphorylated

de-O-acylated lipid A of Ps. reactans. Spectra were obtained at 333 K

in dimethyl sulfoxide-d6 on the basis of two-dimensional spectra

(DQF-COSY, TOCSY, ROESY, HSQC and HMBC) and chemical

shifts are expressed in d relative to dimethyl sulfoxide (dH 2.49, dC
39.7).

Position dC dH dP

GlcN I

1 92.1 5.27 )1.1
2 54.1 3.61

3 74.0 3.90

4 71.1 2.94

5 71.0 3.47

6a 67.3 3.79

6b 67.3 3.85

2 N-H 7.32

GlcN II

1¢ 100.2 4.76

2¢ 55.0 3.54

3¢ 72.8 3.75

4¢ 69.8 3.71 3.5

5¢ 75.5 3.20

6¢a 61.0 3.61

6¢b 61.0 3.89

2¢ N-H 7.54

Fatty acid

2/2¢aa 44.0 2.17

2/2¢ab 44.0 2.41

2/2¢b 67.4 3.79

2/2¢c 37.0 1.36

(CH2)n 28.9 1.25

(CH3) 13.6 0.86

Fig. 3. (A) Positive ion MALDI-TOF mass spectrum of dephosphor-

ylated lipid A from Ps. reactans and (B) oxonium cations present in the

same spectrum.
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A combination of homo- and hetero two-dimensional
NMR experiments (COSY, TOCSY, ROESY, HSQC,
HMBC) were performed to assign of the fully acylated
lipid A mixture signals (Table 2). Determination of chem-
ical shifts and coupling constants revealed that both GlcN
residues of the sugar backbone were present as pyranose

rings in a 4C1 conformation. Starting from the anomeric
signals in the TOCSY and COSY spectra it was possible
to identify every resonance of each residue. In particular,
in the TOCSY it was possible to start from the anomeric
region or, interestingly, from the amide protons which
were clearly distinguished in a deshielded region of the

Fig. 4. Negative-ion MALDI-TOF mass

spectrum of intact lipid A fraction from

Ps. reactans.

Fig. 5. Negative-ion MALDI-TOF mass

spectrum of ammonium treated lipid A fraction

from Ps. reactans.

Fig. 6. Detailed view of the TOCSY spectrum

of intact lipid A fraction from Ps. reactans in

which the correlations of the amide protons

are plainly visible.
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spectrum (Fig. 6). The 1H-NMR spectrum showed two
resonances of anomeric signals: one at 5.29 p.p.m. was
established to be the a-anomeric proton of GlcN I, and
one at 4.57 p.p.m. was the b-anomeric proton of GlcN II.
Actually in a 1H, 13C HSQC spectrum, these two signals
correlated to two carbon signals at 92.5 and 101.0 p.p.m.,
respectively. In addition, the signal at 5.29 p.p.m. corre-
lated with a phosphorous signal at )2.5 p.p.m. in a 1H,
31P HSQC. 1H chemical shift values for H-3 and H-3¢,
around 4.9–5.1 p.p.m., indicated the acylation at these
positions. However, the H-3¢ resonance was also found at
3.76 p.p.m. showing that this position is not always
acylated. The downfield shifted resonance of H-4¢ at
4.05 p.p.m. indicated the substitution with phosphate,
which was proven by the correlation signals at 3.5 p.p.m.
in the 1H, 31P HSQC spectrum. Additionally, the signal
H-4¢ was found at 3.71 p.p.m. accounting for minor
species in which position C-4¢ is not phosphorylated. All
protons showed correlation signals to carbons in the 1H,
13C HSQC spectrum and the assigned chemical shifts were
in full agreement with the proposed chemical structure.
However, the heterogeneity caused by the nonstoichio-

metric acylation at position 3¢ and phosphorilation at 4¢,
made it impossible to assign all resonances of the minor
lipid A species.
The sequence of the two residues was deduced by a

ROESY spectrum which showed strong ROE contacts
between the b-anomeric proton of GlcN II and H-4 and
H-6a of the GlcN I, while a weak ROE contact was
found with H6b. This is in agreement with data in
literature [16] indicating a rigid glycosidic bond in the
disaccharide thus allowing the fatty acid chains to be
parallel and so attaining the closest packed conforma-
tion.
Moreover, some characteristics of fatty acid resonances

were informative for the chemical structure. Thus, in the
region of the anomeric proton of the 1H, 13C HSQC
spectrum, a signal was present at 69.7 p.p.m., which
correlated to two protons at 5.09 p.p.m. This protons
correlated in the COSY spectrum to a diastereotopic
methylene shifted to 2.35 and 2.25 p.p.m. (C-2 position)
and additionally, to methylenes of the fatty acids at
1.46 p.p.m. (C-4 position). These signals were diagnostic
of the 3-O-acyloxyacyl substituents, thus excluding the
primary position for 2-hydroxy dodecanoic acid which
therefore has to be a secondary fatty acid. In agreement,
in the ring protons region a signal at 4.03 p.p.m. was also
present, which correlated to a methylene signal at
1.54 p.p.m. These two resonances represented the hydroxy
C-2 and methylene C-3 positions, respectively, of the fatty
acid C12:0 (2-OH). In the same way in the HSQC
spectrum a signal at 3.80 p.p.m. was correlated to a
carbon at 68.5 p.p.m., and in the COSY the same
resonance showed cross correlation with two signals in
the shielded region spectrum at 2.30 and 1.31 p.p.m.
Thus this signal was indicative of a 3-hydroxy position of
the fatty acids and the signals in the high field region
were consequently assigned to H-2 and H-4 protons,
respectively.
In conclusion (Scheme 1), the main lipid A species

consisted of a bisphosphorylated GlcN backbone with
phosphate groups at C-1 and at C-4¢ positions (C-4¢
phosphorylation is nonstoichiometric). Fatty acids are
linked as amides and esters to C-2, C-3, C-2¢ and C-3¢,
with this last carbon not always substituted. The hexacyl
species bears two C12:0 (3-OH) in amide linkage and two
C10:0 (3-OH) in ester linkage; the secondary fatty acids,
C12:0 (2-OH) or C12:0, are linked to the primary C12:0
(3-OH) amides. The pentacyl species is lacking the C10:0
(3-OH) at position C-3¢ of distal glucosamine.

Table 2. 1H-, 13C-and 31P-NMR resonance of the major species of the

bis-phosphorylated lipid A of Ps. reactans. Spectra were obtained at

333 K in dimethyl sulfoxide-d6 on the basis of two-dimensional spectra

(DQF-COSY, TOCSY, ROESY, HSQC and HMBC) and chemical

shifts are expressed in d relative to dimethyl sulfoxide (dH 2.49,

dC 39.7).

Position dC dH dP

GlcN I

1 92.5 5.29 )2.5
2 51.6 3.91

3 73.13 5.01

4 68.3 3.54

5 71.9 3.89

6a 66.4 3.69

6b 66.4 3.82

2 N-H 7.45

GlcN II

1¢ 101.0 4.57

2¢ 52.9 3.68

3¢ 73.2 4.97

4¢ 69.8 4.05 3.0

5¢ 75.6 3.29

6¢a 60.3 3.59

6¢b 60.3 3.70

2¢ N-H 7.67

Fatty acid

3/3¢a 42.0 2.30

3/3¢b 68.5 3.81

3/3¢c 36.4 1.31

2/2¢aa 39.1 2.35

2/2¢ab 39.1 2.25

2/2¢b 69.7 5.09

2/2¢c 32.8 1.46

(CH2)n 29.0 1.27

(CH3) 13.0 0.85

aCHOH 69.4 4.04

b CH2 33.0 1.54

c CH2 29.0 1.23

Scheme 1.
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D I S C U S S I O N

The dissolution of lipid A in useful solvents for NMR
analysis is still a problem [17]. The selection of dimethyl
sulfoxide at 333 K as a finer solvent for lipid A seems a
good way out of the preparation of complicated mixtures of
deuterated solvents and no degradation occurs in these
conditions. Furthermore, at 333 K, the solvent and water
signals fall neither in the anomeric nor in the sugar ring
region of the 1H-NMR spectrum, allowing easier assigna-
tion of all key resonances. In addition, the nonexchanged
amide protons in the deshielded region of the spectrum are a
good alternative starting point to assign all signals of the
intact lipid A species.
The search for other lipid A structures of nontoxic

Gram-negative bacteria is extremely important in order to
obtain lipid A molecules which can act as antagonists of
lipid A cell response, preventing the septic shock in
mammalian cells.
To the best of our knowledge this is the first complete

lipid A structure elucidated from a mushroom-associated
bacterium, and the second from a nonanimal pathogenic
organism, after the report on the lipid A structure of a LOS
from Erwinia carotovora, a plant-associated Gram-negative
bacterium [18].
The fatty acid composition of lipid A from Ps. reactans

is very close to that of other related Pseudomonas species in
which the main molecular species harbour five or six fatty
acids [1]. The main peculiarity is that in this lipid A the
acyl moiety at the C-3¢ position of GlcN II is partly
missing. Actually, several studies have confirmed the
importance of the structure and composition of acyl chains
for biological activity and stimulation of mammalian cells;
for example Ps. aeruginosa lipid A exhibits a low endotoxic
activity mainly because its characteristic fatty acid compo-
sition lacks the 3-O-linked fatty acid at GlcN I [19]. It will
be very interesting to check the biological activity of this
new species, and a work is now in progress to investigate
this.
In Ps. aeruginosa, R. leguminosarum and Salmonella

typhimurium a lipase has been found in the external
membrane that cleaves this linkage after complete biosyn-
thesis of the lipid A bearing the two Kdo units [20,21].
In analogy, a different lipase should be present in the outer
membrane ofPs. reactans, able to cleave selectively the ester
bound fatty acid of the distal GlcN. The discovery of this
new unidentified enzyme could provide a new biochemical
apparatus for selective de-O-acylation and preparation of
new lipid A derivatives which can reduce immune stimula-
tion in animal systems.
From a phytochemical point of view, this chemical

peculiarity in bacteria could play an important role for the
bacterium in the infected host. In fact, plants have been
found to have systems of innate immunity [22,23], and it is
intriguing that, in Rhizobium leguminosarum, the absence of
the 3-O-acyl fatty acid helps the bacterium to evade the
host’s response while the plant can still defend itself from
other Gram-negative infections [20]. Analogously the
absence of 3¢-O-acyl fatty acid in the unusual lipid A of
Ps. reactans might be a strategy by which the bacterium
eludes the immune response. Further studies are needed to
confirm this hypothesis.
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