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Abstract—The structure of lipid A from Azospirillum lipoferum, a plant-growth-promoting rhizobacterium, was investigated. It was
determined by chemical analysis, mass spectrometric methods, as well as 1D and 2D NMR spectroscopy. Because of the presence of
substituents, the investigated lipid A differs from typical enterobacterial lipid A molecules. Its backbone is composed of a B-(1,6)-
linked p-glucosamine disaccharide but lacks phosphate residues. Moreover, the reducing end of the backbone (position C-1) is
substituted with a-linked D-galacturonic acid. 3-hydroxypalmitoyl residues are exclusively connected to amino groups of the glucos-
amine disaccharide. Hydroxyls at positions C-3 and C-3' are esterified with 3-hydroxymyristic acids. Primary polar fatty acids are
partially substituted by nonpolar fatty acids (namely, 18:0, 18:1 or 16:0), forming acyloxyacyl moieties.

© 2008 Elsevier Ltd. All rights reserved.
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Azospirillum is a genus grouping nitrogen-fixing bacteria
closely associated with roots of many wild and culti-
vated grasses, cereals and food crops from many differ-
ent regions of the world. Most of these bacteria colonize
only the root surface and are not able to penetrate root
tissues. They are known as plant-growth-promoting
rhizobacteria.'* So far, seven species belonging to this
genus have been described, that is, Azospirillum
lipoferum, Azospirillum brasilense, Azospirillum amazon-
ense, Azospirillum halopraeferens, Azospirillum irakense,
Azospirillum largimobile and Azospirillum doebereine-
rae.'>* Two of them, A. lipoferum and A. brasilense,
have been well characterized in terms of their genetics,
biochemistry and some molecular mechanisms of their
interaction with a host plant.! It is well known that
surface polymers such as lipopolysaccharides and other
glycoconjugates play an important role in this inter-
action.'>'° Studies concerning the chemical characteris-
tics of A. lipoferum and A. brasilense lipopolysaccharides
have been performed by Choma and co-workers as well
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as by Fedonenko and co-workers.!' ' In this work, we
present a structural investigation of the lipid A back-
bone from A. lipoferum SpBrl7, the reference strain
deposited with the American Type Culture Collection
(ATCC) under number 29709.

Lipid A was isolated from A. lipoferum LPS after
mild acid hydrolysis. A preliminary chemical analysis
of the lipid A preparation revealed that glucosamine,
accompanied by galacturonic acid residues, was the only
aminosugar present. The presence of GalA was
unequivocally confirmed by GC-MS analysis of tri-
methylsilyl ethers of methyl glycoside methyl ester liber-
ated from the lipid A by methanolysis (2 M HCI in
methanol, 85 °C, 16 h). Both components were in the
D-absolute configuration. Phosphate residues were not
detected by means of *'P NMR spectroscopy of the
lipid A.

A fatty acid analysis of the lipid A revealed the pres-
ence of a complex set of fatty acids, both ester- and
amide-bound. The fatty acid composition had been
described earlier by Choma and co-workers.!"!? Tt was
confirmed that only 3-OH-16:0 is amide-bound. To
determine this substitution, trimethysilylated, partly
solvolyzed lipid A preparation was analyzed by
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Figure 1. Mass spectrum of a trimethylsilyl derivative of the N-acylglucosamine methyl glycoside obtained from A. lipoferum lipid A by mild
methanolysis and trimethylsilylation. Inset displays structure of the GleN-(3-OH-16:0) moiety.

GC-MS. The spectrum of a TMS-derivative of N-f3-
hydroxypalmitylglucosamine methyl glycoside is shown
in Figure 1. It is compatible with that obtained for R.
leguminosarum bv. phaseoli lipid A.'* The positions
C-3 and C-3' of glucosamine residues were esterified,
and, therefore, the protons H-3 and H-3' showed the
typical downfield shift on the "H NMR spectrum (Table
2). When 0.25 M NaOH is used the ester-linked acyl-
oxyacyl residues should be released, but this was not
the case in our experiment. This procedure allowed us
to liberate a large amount of 3-OH-14:0 and substan-
tially less 18:0, 18:1 and 16:0 fatty acids. Acyloxyacyl
moieties were isolated from LPS after applying the
Kraska procedure, as described by Wollenweber and
Rietschel.'> On GC-MS chromatogram, two peaks with
retention times of 39.9 min and 43.4 min were found.
The mass spectrum of the first peak showed ions at
m/z 269 and 239. The second peak spectrum contained
indicative ions at m/z 269 and 267. The observed ions al-
lowed us to deduce that 3-(O-16:0)-16:0 and 3-(O-18:0)-
16:0 acids were liberated. Based on these experiments,
we conclude that 3-OH-14:0 substituted the positions
C-3 and C-3’ and the acyloxyacyl residues were bound
to amino groups of GIcN.

Samples of intact, HF-treated and base-treated lipid
A were investigated by means of MALDI-TOF mass
spectrometry. Both positive and negative ion spectra
were recorded.

The lipid A and the sample after HF-treatment
yielded very similar mass spectra, therefore, only the
intact lipid A spectrum is shown here (Fig. 2A). The
results confirm the *'P NMR data that the lipid A does
not contain any phosphate residues. On the MALDI-
TOF mass spectra of the O-deacylated lipid A, the only
strong ion was observed at m/z 1023 [M—H]™ (negative
mode) or 1048 [M+Na]" (positive mode; Fig. 2B). This

corresponds to a structure composed of glucosamine
disaccharide with GalA and two 3-OH-16:0 residues
(calculated mass, 1023.062 Da).

The positive ion MALDI-TOF mass spectrum of the
nonmodified lipid A showed two oxonium ions at m/z
881 and 907, which were formed after laser-induced
cleavage of the terminal glucosamine residue. Both of
them were composed of one GIcN, one 3-OH-16:0,
one 3-OH-14:0, and one nonpolar fatty acid (16:0 and
18:1, respectively). Based on the results described above,
we concluded that there is no space for GalA residue in
the distal part of the lipid A.

Both positive and negative ion spectra of the intact
lipid A sample revealed the presence of three groups of
pseudomolecular ions. The main signals [M—H]™ were
at m/z 1288, 1514 and 1741, which correspond to signals
at m/z 1312, 1539 and 1765 on the positive mode spec-
trum ((M+Na]" ions) (Fig. 2A). Those signals represent
lipid A molecules with a different pattern of O-acylation.
The trisaccharide backbone (2 x GlcN + GalA) is
N-acylated by two residues of the 3-OH-16:0 fatty acid
and can be substituted by various sets of fatty acids
(polar and/or nonpolar). The signal on the MALDI-
TOF spectrum at m/z 1312 [M+Na]" corresponds to a
molecule built up of 2 x GIcN, GalA, 2 x 3-OH-16:0
and an ester-linked 18:0 residue (calculated mass,
1290.48 Da). The second signal (at m/z 1539 [M+Na]")
corresponds to the molecules containing 3-OH-14:0
and 16:0 moieties as ester-linked fatty acids (calculated
mass, 1514.60 Da). The signal at m/z 1765 [M+Na]"
originates from molecules containing two 3-OH-14:0
and one 18:1 fatty acids as ester substituents (calculated
mass, 1740.72 Da). Minor fractions with A m/z 28 orig-
inate from molecules including one shorter acyl residue.
All those signals represent molecules of lipid A contain-
ing one nonpolar fatty acid. As it was mentioned before,
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Figure 2. Positive ion MALDI-TOF mass spectra of an intact (A) and an O-deacylated (B) lipid A samples from Azospirillum lipoferum SpBrl7.

nonpolar fatty residues are components of both B™ ions
and acyloxyacyl moieties. Taken together all those data
suggest that acyloxyacyl residues are linked to amino
group of terminal glucosamine. The respective ions,
their proposed composition and theoretically calculated
masses are listed in Table 1. The heaviest lipid A mole-
cule includes five fatty acid residues, where one of them
is a secondary acid from an acyloxyacyl moiety.

The proposed structure of the lipid A backbone was
fully confirmed by 'H NMR (DQF-COSY, TOCSY
and NOESY) analysis, which allowed us to fix the con-
figuration of linkages. Three signals were identified in
the anomeric region (Fig. 3, Table 2). One of them
was attributed to H-1 of B-linked hexose (A), and two
of them to H-1 of a-linked residues (marked as B and
C). The chemical shifts and Jy.; g coupling constants
were as follows: A, 4.52 ppm (~9 Hz), B, 5.045 ppm
(<3Hz) and C, 5.16 ppm (<3 Hz). The remaining

proton signals were found between 3.34 and 5.17 ppm
(Table 2).

The sequence of monosaccharides was established by
a NOESY experiment (Fig. 4). A strong interresidual
NOE signal was observed between the protons Hc-1
and Hp-1, which confirmed the ao-(1,1)-linkage between
GalA and GIcN residues. The existence of a B-(1,6)-
glycosidic linkage between both GIcN residues was
proved by the Hua-1 and Hgy-6 as well as Ha-1 and
Hgy-6' NOE correlation signals. Taken together, these
data allow us to present the full structure of the lipid
A moiety of 4. lipoferum (Fig. 5).

In the present study, we demonstrated that A. lipofe-
rum forms a variant of a GlcN-type lipid A. The disac-
charide backbone has no phosphate residues. The
negative charge is provided by the presence of galact-
uronic acid—the third sugar component found in the
backbone. Uptill now, GalA has been considered an
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Table 1. Data from MALDI-TOF mass spectrometry of lipid A from Azospirillum lipoferum SpBr17 obtained for both, intact and O-deacylated lipid

A samples
Tons (m/z) Lipid A components Proposed lipid Theoretically
[M_H]* [M+Na]’ GIcN  GalA  3-OH-fatty  Nonpolar fatty ~  composition calculated masses
acids acids (Da)
1023 1048 2 1 2 0 2 x GleN + GalA 1023.062
2 x 3-OH-16:0
1250 1274 2 1 3 0 2 x GleN + GalA 1250.43
2 x 3-OH-16:0, 3-OH-14:0
1262 — 2 1 2 1 2 x GleN + GalA 1262.46
2 x 3-OH-16:0, 16:0
1288 1312 2 1 2 1 2 x GleN + GalA 1290.48
2 x 3-OH-16:0, 18:0
1488 1513 2 1 3 1 2 x GleN + GalA 1488.58
2 x 3-OH-16:0, 3-OH-14:0, 16:0
1515 1539 2 1 3 1 2 x GleN + GalA 1514.60
2 x 3-OH-16:0, 3-OH-14:0, 16:0
1715 1739 2 1 4 1 2 x GIeN + GalA 1714.70
2 x 3-OH-16:0, 2 x 3-OH-14:0, 16:0
1741 1765 2 1 4 1 2 x GleN + GalA 1740.72
2 x 3-OH-16:0, 2 x 3-OH-14:0, 18:1
1756 1779 2 1 3 2 2 x GlIeN + GalA 1756.77
2 x 3-OH-16:0, 3-OH-14:0, 16:0, 18:0
B 881 1 0 2 1 GIcN, 3-OH-16:0, 3-OH-14:0, 16:0 881.43
By 907 1 0 2 1 GIcN, 3-OH-16:0, 3-OH-14:0, 18:1 906.45
3.0 7 the cases of Aquifex and Mesorhizobium, galacturonic
] i acid was a component of the DAG-type lipid A. More-
] N 4 bs ?55 ,.%1/5 e over, in the lipid A of Aquifex pyrofilus, two residues of
3.5 Py Ko e Ny GalA were detected. The first was linked to C-4' of distal
1 /3 £ \é% ) \;w/gsf{ ' q DAG (2,3-diamino-2,3-dideoxy-D-glucose), and the sec-
4 7 o L T ond to the C-1 of the reducing DAG molecule, forming
1 ocz B A2Ecan ek asie ¥ . 1 .
4.0 cos® B % ¢ o { a tetrasaccharide backbone. 'H NMR analysis con-
1 4 . e ’ firmed beyond any doubt that GalA from A. lipoferum
(opm) | gl BB Bl . ' lipid A was linked only to the proximal GIcN residue
a5 ] e de ! ~ g e by an a-(1,1)-glycosidic bond. The position of GalA
T N ' was the same as in M. huakuii.'®
] o The biophysical properties of the outer membrane
- ,ﬁ@ & o and the endotoxic activity of LPS molecules are strongly
>-07] } correlated with the presence of negative charge phos-
1 @;@% " W °a phate-containing residues.'® Decrease of biological
1 ’ ﬁ activity is attributed to lower binding affinity to LPS
R receptors of human cells caused by an absence of
-0 4.5 4.0 3-5 3-0 phosphate groups.'”?° Lipid A from A. lipoferum lacks
F2 (ppm)

Figure 3. A partial DQF-COSY spectrum of A. lipoferum lipid A. The
sample was dissolved in CDCl3/CD;0D (2:1, v/v). The spectrum was
recorded at 500 MHz, at 48 °C. The letters refer to the carbohydrate
residues as shown in Table 2 and Figure 5. The numerals refer to the
protons in the respective residues.

unusual constituent in lipid A molecules. It has been
found only in several strains of bacteria, for example,
in the hyperthermophilic bacterium Aquifex pyrofilus
and the symbiotic bacteria Rhizobium leguminosarum,
Rhizobium etli and Mesorhizobium huakuii.**'®'® In

phosphate residues, which are characteristic for entero-
bacterial lipid A. Therefore, it is possible that Azospiril-
lum lipid A is less toxic for eukaryotic cells.

1. Experimental

1.1. Bacteria cultivation, LPS and lipid A isolation

A. lipoferum strain SpBr17 (ATCC 29709) was obtained
from D. Kulinska’s collection, Warsaw Agricultural
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Table 2. 500 MHz 'H NMR data of the sugar backbone of lipid A of Azospirillum lipoferum SpBrl7 (6 in ppm)

Sugar residue H-1 H-2 H-3 H-4 H-5 H-6 H-6/
B-GIcN (A) 4.52 3.84 497 3.57 3.34 3.57 3.69
a-GlcN (B) 5.045 4.22 5.17 3.52 4.025 3.68 4.07
a-GalA (C) 5.16 3.93 3.97 427 4.48 — —
3. A B C
HOH,C
0] (o) COOH
HO o o HO
3. o "
o NH o NH o HIYEOH
O o
HO HO
4. (0] HO
Fl fo)
(ppm)
4.
5.
: CHs CH,
llT‘IIII[IITT‘ITTIII!!I‘ C=14 C=14
5.0 4.5 4.0 3.5 3.0
F2 (ppm)
. . . .. CH, CH,
Figure 4. A partial NOESY spectrum of A4. lipoferum lipid A. The Cc=16 Cc=16
cross-peaks: B1/C1, A1/B6 and A1/B6’, shown NOE signals (inter- - -
molecular) are important for structural determination. The cross-
peaks: A1/A3, Al1/A5, B1/B2 and C1/C2, represent NOE signals H,C
(intramolecular) are important for the determination of anomeric C=16-18

configurations of residues A, B, C.

University (Warsaw, Poland). This strain was originally
isolated by Dobereiner.?! Bacteria were grown to the
early stationary phase of growth at 28 °C in a sodium
lactate-containing medium, as previously described by
Choma et al."' Cells were harvested by centrifugation,
washed twice with saline and once with distilled water.
To remove the free lipids and membrane phospholipids,
the cell pellet was subjected to the Bligh-Dyer delipida-
tion procedure as modified by Que and co-workers.'®
After incubation for 2 h at room temperature with inten-
sive stirring, the mixture was centrifuged at 10,000g for
20 min. The delipidated bacterial mass was washed twice
with a freshly prepared Bligh—-Dyer mixture.

LPS was recovered from the delipidated cells by the
classic hot phenol-water method.?* The water layer con-
taining LPS was dialyzed against tap and distilled water.
The crude material was obtained by twofold ultracentri-
fugation of the water suspension at 105,000g for 4 h.

Lipid A was precipitated by hydrolysis of a 150 mg
portion of LPS with 1% acetic acid (100 °C, 2 h). The
sediment was washed twice with hot water and addition-
ally purified by mixing with two-phase Bligh-Dyer mix-
ture of chloroform, methanol and water (2:2:1.8, v/v/v).
The phases were intensively stirred and then separated

Figure 5. The proposed structure of Azospirillum lipoferum SpBrl7
pentaacyl lipid A.

by centrifugation at 4500g (15 min, room temperature).
The lower phase containing lipid A was collected and
the upper phase was re-extracted by adding another
portion of the lower phase from a freshly prepared
two-phase Bligh-Dyer mixture. Combined chloroform
phases were evaporated to dryness. The preparation of
lipid A was stored at —20 °C in CHCl3/MeOH (3:1, v/v).

1.2. Composition analysis

To analyze total fatty acids and sugars, lipid A was sub-
jected to overnight methanolysis (2 M HCIl/MeOH,
85°C, 18h). Mild methanolysis (1M HCI/MeOH,
60 °C, 2 h) was performed to liberate ester-linked fatty
residues. After cooling, one drop of tert-butyl was
added, and the sample was vigorously shaken. The
reagents were evaporated in a stream of nitrogen.
Next, N-acetylation and/or trimethylsilylation was
performed.'® The amide-linked fatty acids were also
determined by the preparation and analysis of TMS
N-acylglucosamine methyl glycosides as described
earlier by Bhat and co-workers.'* Acyloxyacyl residues
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were liberated according to procedures described by
Wollenweber and co-workers.'>** For the determina-
tion of sugar absolute configurations the methanolyzed
(2 M HCI/MeOH, 85 °C, 18 h) lipid A preparation was
resuspended in 1 M (R)-(—)-2-butanolic HCI and heated
(100 °C, 3 h). Sample was N-acetylated, trimethylsilyl-
ated and analyzed using GC-MS.**°

1.3. Lipid A modification

Lipid A was subjected to a solvolysis procedure in 48%
(v/v) aqueous HF. After incubation at 4 °C for 48 h, the
reagent was evaporated in a stream of nitrogen with
cooling in an ice bath.>® Lipid A was O-deacetylated
using a two-phase mixture containing methanol/chloro-
form/1.7 M NaOH (1:2:0.4, v/v/v). Two hour incuba-
tion at room temperature with vigorous shaking was
performed.'® The material was centrifuged at 4500g
for 20 min, and the lower phases containing O-deacyl-
ated lipid A were collected and dried under a stream
of nitrogen.

1.4. Mass spectrometry

GC-MS (gas chromatography-mass spectrometry) was
carried out on a Hewlett—Packard gas chromatograph
(HP 5890A) connected to a mass seclective detector
(MSD HP 5971). The chromatograph was equipped
with a capillary column HP-5MS (30 m x 0.25 mm).
The carrier gas was helium with the flow rate 0.7 mL/
min. The temperature programme for trimethylsilylo
derivatives of methyl glycosides and fatty acids was as
follows: initially, 80 °C for 2 min, then raised to
310°C at a ramp rate of 4°C/min and final time
5 min. The temperature programme for alditol acetates
and fatty acid methyl esters was initially 150 °C for
5 min, then raised to 310 °C at a ramp rate of 5°C/
min and final time 20 min.

MALDI-TOF (matrix-assisted laser desorption ioni-
zation—time of flight) mass spectrometry was performed
on a Voyager-Elite (PE Biosystems) instrument. Intact
and modified lipid A samples were dissolved in
CHCI3/MeOH (2:1, v/v) and mixed with 50% (v/v)
2,5-dihydrobenzoic acid (gentisic acid, DHB) in aceto-
nitrile as a matrix, and dried off. The samples were
desorbed with a nitrogen laser (4 = 337 nm) with extrac-
tion voltage of 20 kV. Spectra were obtained as the aver-
age of 256 laser shots.

1.5. NMR spectroscopy

'"H NMR experiments were performed on a Varian
Unity plus 500 instrument at 48 °C using standard Var-
ian software 1D as well as 2D 'H NMR (DQF-COSY,
TOCSY and NOESY) were carried out. *'P NMR spec-
trum was recorded at 40 °C with Bruker Avance 300

spectrometer. An about-5-mg lipid A sample was dis-
solved in 0.6 ml of CDCl;/CD;OD (2:1, v/v) mixture.

References

1. Steenhoudt, O.; Vanderleyden, J. FEMS Microbiol. Rev.
2000, 24, 487-506.

2. Tien, T. M.; Gaskins, M. H.; Hubbell, D. H. Appl
Environ. Microbiol. 1979, 37, 1016-1024.

3. Skerman, V. B. D.; Sly, L. I.; Williamson, M. Int. J. Syst.
Appl. Microbiol. 1983, 33, 300-308.

4. Eckert, B.; Weber, O. B.; Kirchhof, G.; Halbritter, A.;
Stoffels, M.; Hartmann, A. Int. J. Syst. Appl. Microbiol.
2001, 51, 17-26.

5. Egorenkova, I. V.; Konnova, S. A.; Skvortsov, 1. M.;
Ignatov, V. V. Mikrobiologiia 2000, 69, 120-126.

6. Egorenkova, 1. V.; Konnova, S. A.; Fedonenko, Yu. P;
Dykman, L. A.; Ignatov, V. V. Mikrobiologiia 2001, 70,
45-50.

7. Fedonenko, Y. P.; Egorenkova, 1. V.; Konnova, S. A.;
Ignatov, V. V. Mikrobiologiia 2001, 70, 384-390.

8. Umali-Garcia, M.; Hubbell, D. H.; Gaskins, M. H.;
Dazzo, F. B. Appl. Environ. Microbiol. 1980, 39, 219-226.

9. Kononova, O. N.; Burygin, G. L.; Fedorenko, Yu. P.;
Matora, L. Yu.; Pankin, K. E.; Kononova, S. A.; Ignatov,
V. V. Mikrobiologiia 2006, 75, 323-328.

10. Skvortsov, I. M.; Ignatov, V. V. FEMS Microbiol. Lett.
1998, 165, 223-229.

11. Choma, A.; Russa, R.; Lorkiewicz, Z. FEMS Microbiol.
Lett. 1984, 22, 245-248.

12. Choma, A.; Russa, R.; Mayer, H.; Lorkiewicz, Z. Arch.
Microbiol. 1987, 146, 341-345.

13. Fedonenko, Y. P.; Zatonsky, G. V.; Konnova, S. A
Zdorowenko, E. L.; Ignatov, V. V. Carbohydr. Res. 2002,
337, 869-872.

14. Bhat, U. R.; Forsberg, L. S.; Carlson, R. W. J. Biol
Chem. 1994, 269, 14402-14410.

15. Wollenweber, H.-W.; Rietschel, E. T. J. Microbiol. Meth-
ods 1990, 11, 195-211.

16. Que, N. L. S.; Lin, S.; Cotter, R. J.; Raetz, C. R. H. J.
Biol. Chem. 2000, 275, 28006-28016.

17. Plotz, B.; Lindner, B.; Stetter, K. O.; Holst, O. J. Biol.
Chem. 2000, 275, 11222-11228.

18. Choma, A.; Sowinski, P. Eur. J. Biochem. 2004, 271, 1310-
1322.

19. Rietschel, E. Th.; Kirikae, T.; Schade, F. U.; Ulmer, A. J;
Holst, O.; Brade, H.; Schmidt, G.; Mamat, U.; Grim-
mecke, H.-D.; Kusumoto, S.; Zéahringer, U. Immunobiol-
ogy 1993, 187, 169-190.

20. Schwudke, D.; Linscheid, M.; Strauch, E.; Appel, B.;
Zihringer, U.; Moll, H.; Miiller, M.; Brecker, L.; Gronow,
S.; Lindner, B. J. Biol. Chem. 2003, 278, 27502-27512.

21. Tarrand, J. J.; Krieg, N. R.; Dobereiner, J. Can. J.
Microbiol. 1978, 24, 967-980.

22. Westphal, O.; Jann, K. Bacterial Lipopolysaccharide. In
Methods in Carbohydrate Chemistry; Whistler, R. L., Ed.;
Academic Press: New York, 1965; Vol. 5, pp 83-91.

23. Wollenweber, H.-W.; Broady, K. V.; Liideritz, O.; Riet-
schel, E. T. Eur. J. Biochem. 1982, 124, 191-198.

24. Gervig, G. J.; Kamerling, J. P.; Vliegenthart, F. G.
Carbohydr. Res. 1979, 77, 1-7.

25. Holst, O.; Broer, W.; Thomas-Oates, J. E.; Mamat, U.;
Brade, H. Eur. J. Biochem. 1993, 214, 703-710.

26. Haishima, Y.; Holst, O.; Brade, H. Eur. J. Biochem. 1992,
203, 127-134.



	Characterization of a novel lipid A structure isolated from Azospirillum lipoferum lipopolysaccharide
	Experimental
	Bacteria cultivation, LPS and lipid A isolation
	Composition analysis
	Lipid A modification
	Mass spectrometry
	NMR spectroscopy

	References


