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The Structure of a Novel Neutral Lipid A from the Lipopolysaccharide of
Bradyrhizobium elkanii Containing Three Mannose Units in the Backbone
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Abstract: The chemical structure of the
lipid A of the lipopolysaccharide (LPS)
from Bradyrhizobium elkanii USDA 76
(a member of the group of slow-grow-
ing rhizobia) has been established. It
differed considerably from lipids A of
other Gram-negative bacteria, in that it
completely lacks negatively charged
groups (phosphate or uronic acid resi-
dues); the glucosamine (GlcpN) disac-
charide backbone is replaced by one
consisting of 2,3-dideoxy-2,3-diamino-

tural details of this molecule, 1D and
2D NMR spectroscopy, chemical com-
position analyses and high-resolution
mass spectrometry methods (electro-
spray ionisation Fourier-transform ion
cyclotron resonance mass spectrometry
(ESI FT-ICR MS) and tandem mass
spectrometry (MS/MS)) were applied.
By using 1D and 2D NMR spectrosco-
py experiments, it was confirmed that
one D-Manp was linked to C-1 of the
reducing GlcpN3N and an o-(1—6)-

GlcpN3N (a-linkage). Fatty acid analy-
sis identified 12:0(3-OH) and 14:0(3-
OH), which were amide-linked to
GlcpN3N. Other lipid A constituents
were long (w-1)-hydroxylated fatty
acids with 26-33 carbon atoms, as well
as their oxo forms (28:0(27-ox0) and
30:0(29-0x0)). The 28:0(27-OH) was
the most abundant acyl residue. As
confirmed by high-resolution mass
spectrometry techniques, these long-
chain fatty acids created two acyloxyac-

D-glucopyranose (GlcpN3N) and it

contains two long-chain fatty acids, ed at C-4 of

which is unusual among rhizobia. The
GlcpN3N disaccharide was further sub-

linked p-Manp disaccharide was locat-
the non-reducing

yl residues with the 3-hydroxy fatty
acids. Thus, lipid A from B. elkanii
comprised six acyl residues. It was also
shown that one of the acyloxyacyl resi-

. Keywords: bradyrhizobium - fatty
stituted by three p-mannopyranose (D- acids glycolipids structure dues could be further acylated by 3-hy-
Manp) residues, together forming a elucidation droxybutyric acid (linked to the (w-1)-

pentasaccharide. To establish the struc-

Introduction

Soil bacteria of the species Bradyrhizobium elkanii belong
to the group of slow-growing rhizobia. These bacteria are
able to induce the development of nitrogen-fixing nodules
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hydroxy group).

in the roots of their plant host Glycine max, as well as in
other wild-growing legumes."?! As a result of the symbiotic
relationship, rhizobia inhabit a special micro-niche with
access to the products of plant photosynthesis. On the other
hand, the plant hosts acquire an easily available nitrogen
source. Lipopolysaccharide (LPS), an integral component of
the Gram-negative bacteria cell wall, plays an essential role
in the symbiosis development.®! This lipoglycan has, in gen-
eral, a three-domain architecture and is composed of lipid A
(a hydrophobic part that anchors the LPS molecule in the
outer membrane) and the core oligosaccharide, which is
linked to lipid A and may be substituted by the O-specific
polysaccharide (OPS), also known as the O-antigen. Such
LPS is called smooth (S) form. The OPS is usually built of
oligomeric repeating units that contain from two to eight
sugars. LPS, together with outer membrane proteins
(OMPs), determine the suitable membrane architecture as
well as its semi-permeability, which is very important for the
correct morphology and functionality of bacteroids (the en-
dosymbiotic form of rhizobia), in which nitrogen fixation
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takes place. The proper structure of rhizobial LPS is essen-
tial for root hair infection, nodule invasion and adaptation
to the endosymbiotic conditions.**! The LPS also protects
micro-symbiont cells against plant defence responses, that is,
the hypersensitivity reaction (HR) and systemic acquired re-
sistance (SAR), by suppressing such reactions during rhizo-
bial infection.[**!

Endotoxic active enterobacterial lipid A comprises a f3-
(1—6)-linked 2-amino-2-deoxy-p-glucopyranose (D-GlcpN)
disaccharide substituted by two phosphate groups at posi-
tions 1 and 4’ as well as six fatty acids, including two acylox-
yacyl moieties in a distinct location.”"! Naturally occurring
lipids A with different structures are usually less or not
toxic, such as the lipid A from the LPS of Rhizobium legu-
minosarum,'? R. etli™ Rhizobium Sin-1"" or Mesorhizobi-
um loti."™ Among rhizobial LPS, the lipid A structures vary.
Either the lipid A backbone is composed of the GlcpN di-
saccharide or of one comprising 2,3-diamino-2,3-dideoxy-D-
glucopyranose (GlcpN3N). Then, the GlcpN-containing
lipid A backbone can be modified by oxidation of the reduc-
ing GlcpN to 2-aminogluconate, as found in the LPS of
some members of Rhizobium. The rhizobial lipid A back-
bone can be substituted either by phosphate or uronic acid
residues. As in other LPS, rhizobial lipid A is always con-
nected to the core region through a residue of 3-deoxy-p-
manno-oct-2-ulosonic acid (Kdo) linked to O-6" In rhizo-
bial as well as many other lipid A structures, the amino
groups of GlcpN3N and GlcpN, and O-3 and O-3' of the
GlcpN are substituted by 3-hydroxy fatty acids, the hydroxy
groups of which may be acylated by other non-polar or (in
rhizobia) mainly by (w-1)-hydroxylated long-chain fatty
acids, forming acyloxyacyl moieties.""™® Also, (w-1)-OH
fatty acids may be esterified by 3-hydroxybutyrate. The
most characteristic (w-1)-OH fatty acid in rhizobial LPS is
28:0(27-OH); one residue of it is present in the lipid A of
all members of Rhizobiaceae except in Azorhizobium, and
represents a chemotaxonomical marker of this group of bac-
teria.l'! Rhizobial lipid A molecules exhibit low biological
activity due to their structural peculiarities.'”? It was
shown that rhizobial lipid A was able to bind to the active
site of Toll-like receptor 4 (TLR4), however, no further sig-
nalling occurred, and these molecules only blocked the re-
ceptor and decreased the defensive reaction.!'*!

The detailed structure of lipid A from the LPS of bacteria
belonging to the genus Bradyrhizobium has not been de-
scribed so far, apart from some reports concerning the het-
erogeneity in composition.”'* Herein, we present the de-
tailed structure of a novel lipid A isolated from the LPS of
Bradyrhizobium elkanii USDA 76.

Results

Isolation of LPS: LPS was extracted from B. elkanii
USDA 76 cells by using hot phenol/water. Almost all mate-
rial (=90% ) was found in the phenol phase. The LPS prep-
aration was analysed by sodium dodecylsulfate polyacryl-
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amide gel electrophoresis (SDS-PAGE, Figure 1) and com-
pared to the standard smooth (S) form LPS from Salmonella
enterica sv. Typhimurium (Sigma). The phenol-soluble LPS

~ 5 kDa

-
-
~4kDa “-

1 2 3

Figure 1. Silver-stained SDS-PAGE of the LPS from Bradyrhizobium el-
kanii (line 1, 5 pg; line 2, 10 ug) and Salmonella enterica sv. Typhimurium
(line 3, 2 pg).

occurred mainly as rough (R) or semi-rough (SR) forms
with a mass similar to that of the SR-LPS fraction of the
standard. Only a small amount of this material was S-form
LPS, which gave a typical ladder-like pattern. The OPS con-
tained up to 15 repeating units (as estimated by SDS-
PAGE).

Isolation and chemical analysis of B. elkanii lipid A:
Lipid A obtained from B. elkanii LPS by mild acid hydroly-
sis was subjected to sugar and fatty acid analyses. b-Manno-
pyranose (D-Manp) and p-GlcpN3N (but not GlcpN) were
identified as components of the lipid A backbone. Fatty acid
analysis revealed the presence of two amide-linked 3-hy-
droxy fatty acids, namely, 12:0(3-OH) and 14:0(3-OH). In
addition, ester-linked long (w-1)-hydroxylated fatty acids
with chain lengths in the range of 26-33 carbon atoms were
present, two of which occurred also in the oxo form (27-
0x0-28:0 and 29-0x0-30:0). The most abundant fatty acid
was 27-hydroxyoctacosanoic acid [28:0(27-OH)]. Non-polar
long fatty acids, that is, 24:0, 26:0 and 28:0, were also pres-
ent (Table 1). The amount of 12:0(3-OH) was much lower
than that of 14:0(3-OH), even after hydrolysis using a 4M
aqueous solution of HCI. After methanolysis with a 2m solu-
tion of HCl in MeOH, the molecular ratio between both
fatty acids was about 1:7. Therefore, it was assumed that a
strongly linked unsaturated fatty acid could be present in
the lipid A. After hydrogenation using H, and palladium/
active carbon as a catalyst, the amount of 12:0(3-OH) in-
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Table 1. Fatty acid composition of B. elkanii lipid A.

Fatty acid Content [nmolmg ']
amide linked

12:0(3-OH) 1654.7
14:0(3-OH) 4263.2
ester linked

26:0(25-OH) 67.8
28:0(27-OH) 2606.6
28:0(27-0x0) 76.0
30:0(29-OH) 969.8
30:0(29-0x0) 77.2
31:0(30-OH) 446.4
32:0(31-OH) 99.4
33:0(32-OH) 71.6
24:0 337.6
26:0 178.0
28:0 140.0

creased significantly and the proportion of the latter to 14:0-
(3-OH) rose to about 1:1.

NMR spectroscopy of the lipid A backbone: The purified
lipid A was structurally characterised by 1D and 2D NMR
spectroscopy. The HMQC spectrum of the lipid A (Figure 2)
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Figure 2. HMQC spectrum (detail) of lipid A from B. elkanii. The lipid A
sample was dissolved in CDCL/CD;OD (2:1, v/v) with the addition of
D,0 (5 uL) and the spectrum was recorded at 300 K. The assigned cross-
peaks are labelled according to the text and Tables 2 and 3.

contained signals for five anomeric carbon atoms (6 =92.84—
103.49 ppm), four signals for nitrogen-bearing carbon atoms
(60=51.99-54.68 ppm), and three groups of signals for un-
substituted (6 =61.78-62.08 ppm) as well as two for substi-
tuted (0=67.51 and 69.64 ppm) C-6 carbon atoms. The re-
maining signals represented sugar ring carbon atoms. Based
on 'H-'"H COSY, TOCSY and 'H-"*C HMBC experiments,
five spin systems were identified: A, o-pD-Manp, B, a-D-
GlcpN3N, C, B-p-GlepN3N, D, a-p-Manp, and E, a-pD-Manp.
All '"H and *C NMR chemical shifts could be assigned and
are listed in Table 2. The aminosugar spin systems were con-
firmed by correlation of the protons at the nitrogen-bearing
carbon atoms with the corresponding carbon atoms at 6=
51.99-54.68 ppm. The 'J(C1,H1) coupling constants con-
firmed the anomeric configuration of monosaccharides
(Table 2). Relatively large values of 'J(C1,H1) (characteris-
tic for a-linked sugars) were found for residues A, B, D, and
E. Residue C was characterised by a small (160.4 Hz)
'J(C1,H1) coupling, and, thus, was assumed to be B-config-
ured. A ROESY experiment identified the following interre-
sidual correlations between anomeric and linkage protons:
A1/B1 (6=5.292/5.110 ppm), C1/B6a,b (6=4.429/3.811 and
4.429/4.034 ppm), D1/C4 (6=4.932/3.679 ppm) and E1/D6
(0=4.879/3.832 ppm) (Figure 3). These data were confirmed
by an HMBC experiment, in which the following 'H-"C
connectivities were found: A1/B1 (6=5.292/94.54 ppm), C1/
B6 (6=4.429/62.08 ppm), D1/C4 (6=4.932/76.55 ppm) and
E1/D6 (0=4.879/67.51 ppm). Lipid A was not substituted by
phosphate residues, as confirmed by *'P NMR spectroscopy
of the O-deacylated lipid A sample.

In summary, the sugar backbone of the lipid A derived
from the LPS of B. elkanii possessed the following structure:
a-p-Manp-(1—6)-0-p-Manp-(1—4)-B-p-GlcpN3N-(1—6)-a-
D-GlcpN3N-(1—1)-a-b-Manp

In the '"H NMR spectrum of the O-deacylated material,
four signals (6=7.45-7.90 ppm) were assigned to the pro-
tons derived from the NH groups of the diaminoglucose res-
idues. Also, signals from olefinic protons were identified at
0=16.580 and 5.825 ppm (0=141.74 and 124.40 ppm, respec-
tively, in the *C NMR spectrum). Moreover, the NMR cor-
relations indicated that this unsaturated fatty acid was locat-
ed at position C-3 of residue B. Similar signals had also
been observed in the 'H NMR spectrum of native lipid A.
The trans configuration of the double bond was deduced
from the chemical shift of the vicinal carbon atom signal
(0=30.82 ppm) and also from the vicinal coupling constants
*J(H,H) (over 15 Hz).

Table 2. 'H and *C NMR chemical shifts (5, in ppm) from B. elkanii lipid A backbone [CDCly/CD;0D (2:1, v/v) with 5 uL D,0].

Residue J(C1,H1) [Hz] H1 H2 H3 H4 H5 H6 He6¢ Cl 2 C3 C4 C5 C6

A (a-Man) 177.5 5292 3956 4.072 4338 4519 3841 3940 9458 71.03 6977 7122 7190 61.78
B (a-GIcN3N)  177.3 5110 4.068 4294 3440 4070 3811 4034 92.84 5199 5214  69.15 7249  69.64
C (B-GIcN3N)  160.4 4429 3831 4078 3.679 348 3816 3.869 10349 5419 5468 7655 77.08  62.08
D (a-Man) 171.9 4932 3718 3.643 3546 379 3832 3832 10272 7312 7148 6788 7351 6751
E (a-Man) 172.4 4879 3958 3872 3723 3723 3813 3876 10054 71.04 7181 6789 73.17 62.08
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Figure 3. '"H-'"H ROESY spectrum (detail) of lipid A from B. elkanii.
Lipid A sample was dissolved in CDCI,/CD;0D (2:1, v/v) with the addi-
tion of D,O (5 uL), and the spectrum was recorded at 300 K. Interglyco-
sidic connectivities are marked above the diagonal (normal type) and
some COSY-type cross-peaks are marked below the diagonal (italic
type).

The carbon atom signals at d =68.53, 72.79 and 72.60 ppm
(Table 3) were attributed to the w-1 methine carbon atoms
of the long chain fatty acids, free and substituted by 3-hy-
droxybutyric acid, respectively. The chemical shifts for the
cross-peaks of o/f and P/y protons of 3-hydroxybutyroyl
group were very similar to those reported for lipid A de-
rived from R. etli and NGR234*%! (Table 3).

Mass spectrometry of B. elkanii lipid A: Mass spectrometry
experiments on the native lipid A were performed in the
positive and negative ion mode. It was found that useful
spectra could only be obtained in the positive ion mode, in-
dicating that no negatively charged groups (phosphate,

Table 3. 'H and “C NMR chemical shifts (5, in ppm) from B. elkanii lipid A fatty acids [CDCly/CD,0D (2:1,

v/v) with 5 pL D,0O].

FULL PAPER

uronic acids) were present in the lipid A molecules. Figure 4
shows the charge-deconvoluted ESI FT-ICR mass spectrum
of the native lipid A. Based on the chemical analyses of the
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Figure 4. Charge-deconvoluted ESI FT-ICR MS spectrum (positive ion
mode) of native B. elkanii lipid A. Some mass differences were assigned.
The structure corresponding to the signal at 2600.0342 amu is shown in
Figure 7.

sugar units and fatty acid residues, the molecules giving the
most abundant mass peaks at 2571.9952, 2600.0342 and
2614.0518 amu could be assigned to lipid A species contain-
ing three hexose sugars, two GIcN3N units, two 12:0(3-OH)
and two 14:0(3-OH) units (probably carrying two double
bonds) and also two ester-linked fatty acids, one of which
was additionally esterified by 3-hydroxybutyric acid. The
mass differences between neighbouring ions were approxi-
mately 28 and 14 amu, respectively, due to the different
lengths of ester-linked fatty acids. The calculated molecular
masses for these three lipid A species were 2571.848,
2599.938 and 2613.954 amu, respectively. The mass signals in
the region 2500-2560 amu were derived from lipid A mole-
cules not containing butyric acid residues. Unlabelled clus-
ters of signals originated from molecular ions containing
Na* or K* adduct ions.

To confirm the compositional details, the MS/MS spec-
trum of the most prominent peak (at 2600.0342 amu) was
obtained using a doubly charged ion at m/z=1300.9621,
which was selected as the
parent ion. The positive ion
electrospray ionisation Fourier-
transform ion cyclotron reso-

Fatty acids ay/a, B Y (CH,), CH; nance infrared multiphoton dis-
. 2.190/2.297 3.825 1.360 1.284 0.889 sociation MS/MS (ESI FT-ICR
(3-OH)-fatty acids
43.94 67.82 37.72 30.16 14.10 IRMPD MS/MS) spectrum
(3-OR)-fatty acids 2.503/2.406 5.145 1.557 1.284 0.889 showed intense fragment ions
41.85 72.23 35.30 30.16 14.10
1.803/1.914 4.058 1032 at m/z=761.4963 and at
3-OH)-butyrate ’ ’ ) ’ ;
( y nd 66.19 nd mlz =1499.3684 (Figure 5). The
(©2) (1) o first one could be assigned to
be a Y*t-fragment peak (ac-
long chain (w-1)-OH fatty acid 1-393/1.471 3742 1152 di to th lat
g y 37.45 68.53 23.52 cording dct)) De nomendc éure
. . . 1.461/1.577 4.730 1.201 suggested by Domon and Cost-
first 1 h -1)-OR f: X . .
irst long chain (-1)-OR fatty acid 37.21 72.79 20.70 ello®), which is derived from
i i 1.500/1.586 4.885 1.210 the reducing end of lipid A.
second long chain (w-1)-OR-fatty acid 3595 72,60 5070 g p
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Figure 5. Positive ion ESI FT-ICR IRMPD MS/MS spectrum obtained
after fragmentation of the parent, doubly charged ion at 1300.9621 amu
from B. elkanii lipid A. For details see the text.

the B* fragment (non-reducing end) after additional elimi-
nation of the  mannosylomannosyl  disaccharide
(1823.474—364.1056 amu). The reducing fragment ion was
composed of one GlcpN3N unit, one mannose unit and two
fatty acid residues, namely, 12:0(3-OH) and 14:0(3-OH),
which probably carry two double bonds (calculated mass:
761.4865 amu). The non-reducing end of the ionised mole-
cule was composed of GlcpN3N, two Manp units, N-linked
12:0(3-OH) and 14:0(3-OH) and two residues of 28:0(27-
OH), one of which was further substituted at the (w-1)-hy-
droxy group by 3-hydroxybutyric acid. This fragmentation
pattern showed that both acyloxyacyl moieties were exclu-
sively bound to the non-reducing GlcpN3N residue, confirm-
ing the asymmetric acylation of B. elkanii lipid A.

The other peaks in the spectrum originated from a double
cleavage across the ring, however, they did not give many
structural details. The signal at m/z=1438.3412 resulted
from the fragmentation of the non-reducing end of lipid A,
followed by the consecutive elimination of one 28:0(27-OH)
residue (peak at m/z=1015.8975). The fragment ion at
m/z=567.4461 was derived from the fragmentation of the
reducing end of lipid A.

To obtain more details of the distribution of fatty acids,
the positive ion ESI FT-ICR IRMPD MS/MS of the triethyl-
ammonium (TEN) salt of O-deacylated lipid A was per-
formed (Figure 6), in which the molecular peak at m/z=
1772.1454 ([M+H+TEN]*) served as the parent ion. The
spectrum possessed a predominating peak at m/z=
1670.0214 [M+H]*, which was derived from a molecule
composed of two GlcpN3N units, three Manp units and four
amide-linked fatty acid residues (two 12:0(3-OH) and two
14:0(3-OH), carrying probably two double bonds, calculated
mass: 1669.0178). This tetra-acyl lipid A was further cleaved
to a B*-fragment ion at 909.5502 amu, which was derived
from the non-reducing end. This fragmentation indicated
that the distal GlcpN3N unit was substituted by a mannosy-
lomannosyl disaccharide (as proven by NMR spectroscopy
analyses (residue C)) and bore one 12:0(3-OH) and one
14:0(3-OH) residue (calculated mass: m/z=909.559). The
signal at m/z=1507.9700 was derived from the cleavage of
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Figure 6. Positive ion ESI FT-ICR IRMPD MS/MS of the triethylammo-
nium (TEN) salt of O-deacylated B. elkanii lipid A. The molecular ion at
1772.1454 amu [M+H+TEN]* (the only significant ion on ESIMS spec-
trum) served as the parent ion.

one Manp residue, probably from the reducing end of
lipid A.

In summary, we propose the structure depicted in Figure 7
as the most abundant B. elkanii lipid A structure.

Discussion

In the LPS of Bradyrhizobium elkanii USDA 76, a neutral
lipid A was present comprising a backbone of three man-
nose residues linked to a disaccharide of GlcpN3N. Two
mannose residues furnished an a-(1—6)-linked disaccharide,
which a-(1—4)-substituted the C-4' of the non-reducing
GlcpN3N residue . The third mannose unit was a-(1—1)-
linked to the reducing GlcpN3N residue. Such a lipid A
structure has not yet been identified in rhizobial LPS, how-
ever, it resembles the lipid A isolated from Bdellovibrio bac-
teriovorus,?®! which contained two mannose residues that
decorated the backbone at C-4’ and C-1. Another example
of mannose-containing lipid A is that derived from the pho-
totrophic bacterium Rhodomicrobium vanniellii, in which
the C-4' of the phosphate-free GlcpN disaccharide backbone
was substituted by a mannose residue.””

The presence of GlcpN3N in the backbone of lipid A was
first described for the LPS of the genus Rhodopseudomo-
nas.?® Apart from B. elkanii, lipid A containing GlcpN3N as
the sole backbone amino sugar was found in two other spe-
cies of rhizobia (Mesorhizobium loti® and M. huakuii™).
Also, this sugar was present in lipid A derived from other
species outside rhizobia and phototrophic bacteria, for ex-
ample, in Thiobacillus sp.,®" Brucella abortus ") Campylo-
bacter jejuni® and Aquifex pyrophilus.’® Most of these lip-
ids A were negatively charged because either phosphate
groups or uronic acid (GalA) were present. The lipid A of
the LPS from B. elkanii contains neither phosphate nor
uronic acid residues and is thus a neutral molecule. Among
Rhizobiales taxon, phosphate residues in lipid A were also
not observed in R. leguminosarum,* Rhizobium etli™ and
Rhizobium sp. Sin-1."1 On the contrary, lipid A from M.
huakuii was only partly phosphorylated (at C-4’) and con-
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Figure 7. Structure of lipid A from the LPS of B. elkanii corresponding to
the most prominent mass at 2600.0342 amu. Each GIcN3N residue is sub-
stituted by 12:0(3-OH) and 14:0(3-OH) (R', R?). The exact position (C-2
or C-3) of these primary fatty acids has not been determined and can be
interchanged. Fatty acids linked to reducing GIcN3N may be unsaturat-
ed.

Ti
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tained galacturonic acid at C-1 of the reducing GlcpN3N
residue.['”)

The acylation pattern of lipid A from B. elkanii differed
to those of other Gram-negative bacteria. It was shown that
two 3-hydroxy fatty acids were present (12:0(3-OH) and
14:0(3-OH)), which were exclusively amide-linked to both
GlcpN3N residues. As shown by NMR spectroscopy, the
complete lipid A and the O-deacylated sample probably
contain unsaturated fatty acid(s). Amide-bound unsaturated
fatty acids are very difficult to liberate by hydrolysis,*
hence this could be the reason why it could not be identified
in fatty acid analysis. Also, the masses assigned in mass
spectrometric analyses pointed to the presence of molecules
lacking four hydrogen atoms.

Native B. elkanii lipid A contained two acyloxyacyl moiet-
ies formed by esterification of 3-hydroxy fatty acids with
long (w-1)-hydroxylated fatty acids, with the number of
carbon atoms ranging from 26 to 33. One of these fatty
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acids was further esterified by the 3-hydroxybutyrate moiety
as the tertiary substituent. The presence of such long fatty
acids is characteristic for rhizobia. All members of this
group contain only one residue of 28:0(27-OH) or its oxo
form within lipid A.'"%3") The presence of such a wide range
of (w-1)-hydroxy fatty acids in bradyrhizobial LPS has been
known for years,'®! however, a lipid A containing two long
fatty acyl residues is described here for the first time. To-
gether with other membrane components, such as hopa-
noids, long-chain fatty acids may have a strong influence on
flexibility and permeability of the bradyrhizobial outer
membrane and on the viability of bacteroids during symbiot-
ic conditions.”®

The structure of lipid A is also very important for the in-
tegrity of the outer membrane during symbiosis. Mutants
with lipid A lacking long (w-1)-hydroxy fatty acids were
more sensitive to changes in pH and environmental osmolar-
ity, grew very slowly, and nodules formed during symbiosis
were developed with delay. Also, the effectiveness of sym-
biosis measured by nitrogen fixation was shown to be re-
duced.'***%) Thus, it is indispensable to investigate other
rhizobial lipids A to better understand the role of bradyrhi-
zobial LPS in nodulation, the molecular mechanisms of sym-
biosis and the mechanisms of invasion of pathogenic bacte-
ria to eukaryotic cells.

Conclusion

The chemical structure of the lipid A of the lipopolysacchar-
ide (LPS) from Bradyrhizobium elkanii USDA 76 has been
determined. In contrast to lipids A derived from other
Gram-negative bacteria, lipid A from B. elkanii lacks nega-
tively charged groups (phosphate or uronic acid residues),
the glucosamine (GlcpN) disaccharide backbone is replaced
by one consisting of 2,3-dideoxy-2,3-diamino-p-glucopyra-
nose (GlcpN3N). In addition, it contains two long-chain
fatty acids, which is unusual among rhizobia. The GlcpN3N
disaccharide was further substituted by three b-mannopyra-
nose (D-Manp) residues. 1D and 2D NMR experiments con-
firmed that one p-Manp was linked to C-1 of the reducing
GlcpN3N and an a-(1—6)-linked p-Manp disaccharide was
located at C-4' of the non-reducing GlcpN3N (a-linkage).
Fatty acid analysis identified 12:0(3-OH) and 14:0(3-OH),
which were amide-linked to GlcpN3N. Other lipid A constit-
uents were long (w-1)-hydroxylated fatty acids with 26-33
carbon atoms, as well as their oxo forms (28:0(27-oxo0) and
30:0(29-0x0)). The 28:0(27-OH) was the most abundant acyl
residue. As confirmed by high-resolution mass spectrometry
techniques, these long-chain fatty acids created two acylox-
yacyl residues with the 3-hydroxy fatty acids, and it was
shown that one of the acyloxyacyl residues could be further
acylated by 3-hydroxybutyric acid (linked to the (w-1)-hy-
droxy group).
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Experimental Section

Bacterial strain and culture condition: Bradyrhizobium elkanii USDA 76
was grown at 28°C in 79 CA medium, according to the method of Vin-
cent,™!) for 14 d, with aeration by vigorous shaking.

Isolation and purification of LPS: The cell pellet (140 g wet mass) was
washed twice with saline solution and once with distilled water, then it
was subjected to delipidation according to the method of Que and co-
workers."¥! The LPS preparation was obtained from hot 45% phenol/
water extraction and reference: [42] as modified by Johnson and Perry.[*!
The phenol phase was dialysed extensively against tap and distilled
water. Next, enzymatic degradation of nucleic acids and proteins was car-
ried out by using DNase, RNase and proteinase K, respectively, and dial-
ysis was performed again. LPS (approximately 300 mg) was obtained
after ultracentrifugation (105000 g, 4°C, 4 h).

Isolation and purification of lipid A: Lipid A was liberated from LPS by
mild acid hydrolysis (230 mg LPS, 36 mL of a 1% aqueous solution of
acetic acid, 100°C, 3 h). The free lipid A was purified according to Que
and co-workers.'"¥ Briefly, adequate amounts of chloroform and metha-
nol were added to the hydrolysate to obtain the mixture chloroform/
methanol/hydrolysate 2:2:1.8 (v/v/v), and the mixture was vigorously
shaken, then centrifuged. The chloroform phase, containing the lipid A,
was collected and washed twice with the water phase from a freshly pre-
pared two-phase Bligh/Dyer mixture (chloroform/methanol/water, 2:2:1.8
(v/vIv)). The yield of lipid A was 120 mg. Next, this preparation was puri-
fied thoroughly to remove the residual phospholipids using water-saturat-
ed n-butanol.™ This method separates, in particular, glycolipids from
phospholipids because phospholipids are solubilised in this solvent, but
glycolipids precipitate. Briefly, a solution of lipid A (120 mg) in water-sa-
turated butanol (10 mL) was sonicated (10 min, 30°C), vigorously shaken
and centrifuged at 12000 g, 45 min, 4°C. The supernatant was removed
and the pellet containing lipid A was washed again. Finally, pure lipid A
(83.5mg) was obtained, which was stored at —20°C as a solution in
CHCly/MeOH (2:1, v/v).

Lipid A O-deacylation: Bradyrhizobium elkanii lipid A (40 mg) was O-
deacylated according to a modified procedure.*”! The lipid A was treated
with anhydrous hydrazine (2 mL, 37°C, 45 min). After cooling, the reac-
tion mixture was poured into cold acetone, and the lipid A precipitate
was pelleted by centrifugation (6000 g, 4°C, 15 min). The material was
washed twice with acetone and dried in a stream of nitrogen. Finally, O-
deacylated lipid A was resuspended in water and lyophilised.

Fatty acid analysis: For total fatty acid determination, lipid A was sub-
jected to hydrolysis in a 4M aqueous solution of HCl (100°C, 4 h). The
free fatty acids were extracted with chloroform and converted to their
methyl esters with diazomethane. After evaporation, bis-trimethyl silyl
trifluoroacetamide (BSTFA) (Sigma) was added and the samples were in-
cubated (65°C, 4 h). Ester-linked fatty acids were determined after sol-
volysis of lipid A in a 0.5M solution of HCI in MeOH (85°C, 30 min) and
derivatisation by using BSTFA.

The unsaturated fatty acids in lipid A were saturated by catalytic hydro-
genation in the presence of palladium (Pd 9.94 %/active carbon) (De-
gussa, Germany).!*!

Fatty acids were quantified by GC-MS (Hewlett Packard 5970 instru-
ment equipped with a fused silica capillary column HP-5MS, 30 mx
0.25 mm, film thickness 0.25 pm) with helium as the carrier gas. The tem-
perature program was 120°C for 3 min, then increased to 320°C at a rate
of 5°C min~!, then 320°C for 20 min. In the analysis of fatty acid oxida-
tion products the initial temperature was 100°C.

Sugar analysis: For aminosugar analysis, lipid A was hydrolysed in a 4m
aqueous solution of HCI (100°C, 16 h). After drying, the sample was sub-
jected to N-acetylation,'*”! followed by reduction with NaBH, and perace-
tylation. Neutral sugar analysis was carried out after hydrolysis of lipid A
in a 2™ aqueous solution of trifluoroacetic acid (100°C, 4 h), followed by
reduction with NaBH, and peracetylation.

The absolute configurations of monosaccharides were established by

analysis of the acetylated R-(—)-2-butylglycosides according to Gerwig
and co-workers.*!
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Sugar samples were analysed by GC on a Hewlett Packard gas chromato-
graph 5890 series II equipped with a HP-SMS column (30 m x 0.25 mm).
Helium served as carrier gas and the temperature program was 150°C
for 3 min, then increased to 250°C at a rate of 3°C min~’, then to 320°C,
25°C min~'. The final temperature was maintained for 10 min.

SDS-PAGE: SDS-PAGE (12.5% acrylamide) was performed as de-
scribed.! The electophorogram was silver-stained.™"!

Mass spectrometry: Electrospray ionisation Fourier-transform ion cyclo-
tron resonance mass spectrometry (ESI FT-ICRMS) experiments were
performed in negative and positive ion mode by using a hybrid Apex Qe
FT-ICRMS instrument (Bruker Daltonics, Billerica, MA, USA),
equipped with a 7 tesla superconducting magnet and an Apollo dual ion
source. Data were recorded in broadband mode with a 512k data sam-
pling rate. The mass scale was calibrated externally by using compounds
of known structure. For the negative ion mode, samples (=10 ngul™")
were dissolved in a 50:50:0.001 (v/v/v) mixture of 2-propanol, water and
triethylamine (pH=~8.5). For the positive ion mode, a 30:10:0.4 (v/v/v)
mixture of water, acetonitrile and acetic acid (pH=3) was used. Samples
were sprayed at a flow rate of 2 uLmin~'. The capillary entrance voltage
was set to 3.8 kV, and the drying gas temperature was set to 150°C. The
spectra, which showed several charge states for each component, were
charge deconvoluted and mass numbers given refer to mono-isotopic mo-
lecular masses. For MS/MS measurements, infrared multi-photon dissoci-
ation (IRMPD) of isolated parent ions was performed with a 25 W,
10.6 um CO, laser (Synrad, USA). The duration of laser irradiation was
adapted to generate optimal fragmentation and varied between 10 and
80 ms. Details on the structural characterisation of LPS by FT-ICRMS
are given elsewhere."!!

NMR spectroscopy: For NMR spectroscopy analysis, O-deacylated
lipid A (8 mg) was dissolved in [Dg]DMSO (0.5 mL) and lipid A (28 mg)
was dissolved in CDCL;/CD;OD (2:1; 0.5 mL) containing 5 pL D,O. 1D
and 2D NMR spectra were recorded at 600.1 MHz on an AVANCE
DRX-600 spectrometer (Bruker, Rheinstetten, Germany) using Bruker
software. All spectra were recorded at 300 K. The following 2D NMR ex-
periments were performed: COSY, DQF-COSY, TOCSY, ROESY,
HMQC, DEPT-HSQC and HMBC. The 'H and “CNMR resonances
were measured relative to the methyl group signal of [Ds]DMSO (0y=
2.50/0-=39.50 ppm) for O-deacylated material and to tetramethylsilane
(TMS; 65 =0.0/0¢ 0.0 ppm) for the lipid A sample.
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