Available online at www.sciencedirect.com

ScienceDirect

Carbohydrate
RESEARCH

ELSEVIER Carbohydrate Research 341 (2006) 2816-2825

Structural characterization of the lipid A region of
Aeromonas salmonicida subsp. salmonicida lipopolysaccharide

Zhan Wang, Jianjun Li and Eleonora Altman*

Institute for Biological Sciences, National Research Council of Canada, Ottawa, Ont., Canada KIA OR6

Received 18 July 2006; accepted 27 September 2006
Auvailable online 4 October 2006

Abstract—The lipid A components of Aeromonas salmonicida subsp. salmonicida from strains A449, 80204-1 and an in vivo rough
isolate were isolated by mild acid hydrolysis of the lipopolysaccharide. Structural studies carried out by a combination of fatty acid,
electrospray ionization-mass spectrometry and nuclear magnetic resonance analyses confirmed that the structure of lipid A was con-
served among different isolates of A. salmonicida subsp. salmonicida. All analyzed strains contained three major lipid A molecules
differing in acylation patterns corresponding to tetra-, penta- and hexaacylated lipid A species and comprising 4’-monophosphoryl-
ated B-2-amino-2-deoxy-D-glucopyranose-(1—6)-2-amino-2-deoxy-p-glucopyranose disaccharide, where the reducing end 2-amino-
2-deoxy-D-glucose was present primarily in the o-pyranose form. Electrospray ionization-tandem mass spectrometry fragment pat-
tern analysis, including investigation of the inner-ring fragmentation, allowed the localization of fatty acyl residues on the disaccha-
ride backbone of lipid A. The tetraacylated lipid A structure containing 3-(dodecanoyloxy)tetradecanoic acid at N-2',3-
hydroxytetradecanoic acid at N-2 and 3-hydroxytetradecanoic acid at O-3, respectively, was found. The pentaacyl lipid A molecule
had a similar fatty acid distribution pattern and, additionally, carried 3-hydroxytetradecanoic acid at O-3'. In the hexaacylated lipid
A structure, 3-hydroxytetradecanoic acid at O-3' was esterified with a secondary 9-hexadecenoic acid. Interestingly, lipid A of the
in vivo rough isolate contained predominantly tetra- and pentaacylated lipid A species suggesting that the presence of the hexaacyl
lipid A was associated with the smooth-form lipopolysaccharide.
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1. Introduction

Aeromonas salmonicida subsp. salmonicida is one of the
lethal aquatic pathogens and is the cause of furunculosis
in salmonid fish, resulting in high mortalities in aquacul-
ture.! A. salmonicida subsp. salmonicida strains possess
an outer-membrane LPS, which is partially exposed on
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two-dimensional; ESIMS, electrospray ionization-mass spectrometry;
GLC, gas liquid chromatography; HSQC, heteronuclear single quan-
tum correlation; IL-8, interleukin-8; Kdo, 3-deoxy-p-manno-oct-2-
ulosonic acid (Kdo); LPS, lipopolysaccharide; MS, mass spectrometry;
MS/MS, tandem mass spectrometry; NMR, nuclear magnetic reso-
nance; RNA, ribonucleic acid; TOCSY, total correlated spectroscopy;
TSB, Tryptic Soy Broth
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the cell surface and plays an important role in the main-
tenance of cell surface protein array, host-cell invasion
and bacterial survival.>> Similar to other gram-negative
bacteria, 4. salmonicida subsp. salmonicida LPS is com-
posed of three distinct structural regions: O-chain poly-
saccharide, core oligosaccharide and lipid A moiety. The
lipid A portion of LPS is linked to the core oligosaccha-
ride via 3-deoxy-Dp-manno-oct-2-ulosonic acid (Kdo) and
serves as the hydrophobic anchor of LPS in the outer
membrane. Previous reports have suggested that lipid
A, as the principal endotoxic component of LPS, plays
a major role in the pathogenesis of bacterial infec-
tions*® and is an important contributor to massive
inflammation, sepsis and septic shock leading to fatali-
ties in gram-negative bacterial infections. It also
promotes the activation of the innate immune system
via the induction of inflammatory cytokines released

0008-6215/$ - see front matter Crown Copyright © 2006 Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.carres.2006.09.020


mailto:Eleonora.altman@nrc-cnrc.gc.ca

Z. Wang et al. | Carbohydrate Research 341 (2006) 2816-2825 2817

by human cells. The chemical structure of lipid A from a
number of different bacterial species has been investi-
gated.”” It usually contains a diglucosamine backbone
substituted with both ester- and amide-linked fatty acyl
side-chains and may carry phosphate groups at O-1 and
0O-4’. In addition, other sugar constituents, such as
4-amino-4-deoxy-L-arabinose, have been found.'”
Recently we established structures of the O-chain poly-
saccharide and core oligosaccharide region of 4. salmon-
icida subsp. salmonicida.'"™'* In the present study, we
describe the structural determination of the lipid A
region of A. salmonicida subsp. salmonicida LPS from
strains A449 and 80204-1 and an in vivo rough isolate.

2. Experimental
2.1. Bacterial culture and growth conditions

A. salmonicida subsp. salmonicida strains A449 and
80204-1 and an in vivo-derived rough isolate were
obtained from the Institute for Marine Biosciences,
National Research Council of Canada (Halifax, Nova
Scotia). The bacteria were cultured in Tryptic Soy Broth
(TSB) at 18 °C for 48-72 h. The cells were killed with 1%
(w/v) phenol soln (22°C, 4h), washed with 10 mM
phosphate buffered saline (PBS, pH 7.4) and harvested
by low-speed centrifugation (3000g, 25 min).

2.2. LPS isolation

Bacterial cells were washed successively with 2.5% saline
(w/v). LPS from A. salmonicida subsp. salmonicida
strains A449 and 80204-1 was extracted by the method
of Westphal and Jann,'* while LPS from the in vivo
rough isolate was extracted from dried cells with 5:5:8
phenol-CHCls-light petroleum at 60-95 °C and precip-
itated as described previously.'>!'® Crude LPS was puri-
fied by ultracentrifugation (105,000g, 4 °C, 16 h).

2.3. Mild acid hydrolysis of LPS and purification of lipid A

LPS was hydrolyzed by treatment with 2% AcOH at
100 °C for 2 h. The soln was cooled down on ice, and
the precipitated lipid A was collected by low-speed
centrifugation (3000g, 20 min). The lipid A pellet was
dissolved in 1:10 MeOH-CHCI; soln, subjected to silica
gel chromatography and sequentially eluted with 1:10,
1:5, 1:2 and 2:1 MeOH-CHCI; soln. Each fraction
was collected separately and analyzed by NMR and
ESIMS.

2.4. O-Deacylation of lipid A

The lipid A isolated by mild acid hydrolysis (2-3 mg)
was treated with 0.25 N sodium methoxide in absolute

MeOH'” (0.5 mL). The solution was kept at rt for 24 h
and acidified with 1 M HCI to pH 5-6. Free fatty acid
methyl esters were extracted with hexane and analyzed
by GLC-MS as described below. The hexane-insoluble
material was subjected to ESIMS analysis and also
analyzed by GLC-MS following the treatment with
3% (w/v) methanolic hydrogen chloride (100 °C, 16 h)
and neutralization with silver carbonate (Aldrich).

2.5. NMR spectroscopy

NMR spectra were performed on Varian INOVA
400 MHz spectrometer using a standard software. All
NMR experiments were performed at 25°C using a
5 mm indirect detection probe with the 'H coil nearest
to the sample in CDCl;-CD;0D (2:1, v/v). Chloroform
("H, 6 7.26 ppm) and MeOH (°C, 6 49.15 ppm) were
used as internal references. Standard homo- and hetero-
nuclear correlated 2D techniques were used for general
assignments: COSY, TOCSY and HSQC.'®

2.6. General methods

Fatty acids were determined by GLC-MS analysis of
their methyl esters derived by the sealed-tube hydrolysis
of LPS with 3% (w/v) methanolic hydrogen chloride at
100 °C for 16 h and neutralized with silver carbonate.
For GLC analysis, a 30 m DB-5 capillary column
[160 °C (2 min) to 260 °C at 1°C/min] was used and
the identity of each fatty acid was established by com-
parison of its MS profile with that of the reference
compound.

2.7. Electrospray ionization-mass spectrometry (ESIMS)

All experiments were performed with a capillary electro-
phoresis interface as described in detail previously.'*°
Briefly, a Crystal Model 310 CE instrument (ATI Uni-
cam, Boston, MA, USA) was coupled to a mass
spectrometer, API 3000 or 4000 Q-Trap (Applied
Biosystems/MDS Sciex, Concord, Canada) via a micro-
ionspray interface. The lipid A samples were dissolved in
2:1 MeOH-CHCI; soln. The sheath soln (2:1 isopropa-
nol-MeOH) was delivered at a flow rate of 1 pL/min.
An electrospray stainless steel needle (27-gauge) was
butted against the low dead vol tee, which enabled the
delivery of the sheath soln to the end of the capillary
column.

3. Results

LPSs were extracted from the enzyme-digested cells of 4.
salmonicida subsp. salmonicida strains A449 and 80204-1
using hot aqueous phenol method and from the dried cells
of the in vivo rough isolate by a modified phenol-chloro-
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form-light petroleum (PCP) method and purified by
ultracentrifugation. Purified LPS was free of RNA as in-
ferred by the absence of ribose in the sugar analysis and its
protein content was ca. 3% (data not shown). SDS-PAGE
analysis of LPSs indicated that A. salmonicida subsp. sal-
monicida strains A449 and 80204-1 contained high mole-
cular mass smooth-form LPS, while an in vivo isolate
produced a low molecular mass rough-form LPS, as
described in previous reports'>!? (not shown). Lipid A
was released from LPS by mild acid hydrolysis. Fatty acid
analysis of the crude lipid A revealed the presence of 3-
hydroxytetradecanoic acid [C14:0(3-OH)], dodecanoic
acid (C12:0) and 9-hexadecenoic acid (C16:1n9). Follow-
ing alkaline O-deacylation, the reaction mixture was ex-
tracted with hexane to remove released fatty acids. Both
the residual lipid A and the hexane extract were analyzed
by GLC as methyl ester derivatives, which confirmed that
the residual lipid A contained C14:0(3-OH) exclusively
and that the hexane extract possessed a mixture of the
above mentioned fatty acids suggesting that C12:0 and
C16:1n9 were ester-linked and C14:0(3-OH) was both
ester and amide bound.

The ESIMS analysis confirmed that lipid A isolated
by mild acid hydrolysis from A4. salmonicida subsp. sal-
monicida strains A449, 80204-1 and an in vivo isolate
exhibited similar MS profiles (Fig. 1). Three major lipid
A species corresponding to tetra-, penta- and hexaacy-
lated lipid A components were observed at m/z 1280.3,
m/z 1506.3 and m/z 1743.8, suggesting that the lipid A
structure was conserved among A. salmonicida subsp.
salmonicida isolates. Significantly less hexaacylated lipid
A form was found in lipid A from the in vivo-derived
rough isolate as compared with lipid A from A. salmon-
icida subsp. salmonicida strains A449 and 80204-1. Fol-
lowing O-deacylation with MeONa, the residual lipid A
was subjected to ESIMS analysis, which revealed the
presence of the fragment ion at m/z 871.6 corresponding
to a molecular species containing 2 glucosamine (GIcN)
residues, 1 phosphate (P) and 2 C14:0(3-OH), thus sug-
gesting that the diglucosamine backbone in lipid A spe-
cies of A. salmonicida subsp. salmonicida LPS was
substituted with C14:0(3-OH) at both N-2 and N-2'.

The crude lipid A from A. salmonicida subsp. salmon-
icida strain A449 was subjected to purification by silica
gel chromatography and sequential fractionation with
1:10, 1:5, 1:2 and 2:1 (v/v) MeOH in CHClI; soln. MS
analysis of the fraction 1:2 MeOH-CHCI; revealed
the presence of the molecular ions [M—H,O—H] at
m/z 1489.5 and m/z 1726.5 suggesting that it contained
both penta- and hexaacylated lipid A species. This was
followed by NMR analysis, which confirmed the pres-
ence of the classical diglucosamine backbone in A. sal-
monicida subsp. salmonicida lipid A structure. The 'H
and '*C NMR resonances corresponding to the disac-
charide backbone were completely assigned using 2D
COSY (Fig. 2), TOCSY and HSQC experiments (Table

1). Two anomeric resonances were observed at
4.77 ppm/91.6 ppm for the reducing end GIcN A and
4.39 ppm/102.1 ppm for the non-reducing end GIcN
A’, respectively. The presence of aminosugars was con-
firmed by correlation of their H-2 protons at the nitro-
gen-bearing carbon to the corresponding C-2 carbons
at 6 3.77 ppm/51.5 ppm for GIcN A and J 3.54 ppm/
54.2 ppm for GlcN A’. In our previous report,'> the
structure of 1,4’-bisphosphorylated p-p-GlcN-(1—6)-a-
D-GIcN (A’—A) disaccharide backbone of lipid A was
identified in the deacylated LPS of A. salmonicida subsp.
salmonicida LPS (LPS-OH). In the current investigation,
significant upfield chemical shifts were observed for H-1,
H-5 and H-6 of GIcN A (Table 1) as compared to their
previous positions in the structure of 1,4'-bisphosphoryl-
ated p-pD-GlcN-(1—6)-0-D-GlcN (A’ — A),'? indicating
the absence of a phosphate group at O-1 of GIcN A.
Similar effects were observed in structural investigations
of lipid A backbone of Escherichia coli*' and Salmonella
enterica sv. Minnesota Re?”> LPS. Based on NMR anal-
ysis, the reducing end GIcN A residue was present pri-
marily in the o-pyranose form. MS analysis of the
crude lipid A isolated after mild acid hydrolysis
(Fig. 3) confirmed the presence of the monophosphoryl
lipid A species (see below). The lability of the phosphate
group at O-1 during hydrolysis was previously observed
by other research groups.”>* In addition, significant
downfield chemical shifts observed for H-3 of GIcN A
(4.86 ppm) and H-3’ of GIcN A’ (4.92 ppm), as com-
pared with the previously reported data,'? indicated that
positions O-3 and O-3’ of the lipid A were acylated. The
complete structural elucidation of the lipid A from A.
salmonicida subsp. salmonicida, including the distribu-
tion of acyl residues, was based on the fragmentation
analysis using tandem mass spectrometry (MS/MS) in
the negative-ion mode as discussed below.

3.1. MS/MS analysis of the hexaacylated lipid A species
at mlz 1743.8

The pseudomolecular ion at m/z 1743.8 corresponded to
the monophosphorylated hexaacylated lipid A species
containing four C14:0(3-OH), one Cl12:0 and one
Cl16:1n9 (Fig. 1). Tandem mass spectrometry strategy
was used to confirm the fatty acid substitution pattern
in the hexaacylated lipid A species at m/z 1743.8, which
provided a series of fragment ions corresponding to the
acyl residue elimination (Fig. 3a and Table 2). The frag-
mentation pattern analysis and corresponding lipid A
structures with expected m/z values are shown in
Scheme 1. As discussed above, NMR analysis suggested
that the phosphate group was located at O-4’, which was
also supported by MS/MS analysis (see below).
Kussak and Weuntraub® have recently proposed that
phosphorylation of lipid A backbone at O-4’ results in
elimination of the acyl group at O-3’ by two competing
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Figure 1. ESIMS spectra (-ion mode) of lipid A isolated by mild acid hydrolysis of A. salmonicida subsp. salmonicida LPS; major molecular
structures are indicated: (a) strain A449; (b) strain 80204-1; (c) in vivo-derived rough isolate.

fragmentation processes, either in a form of a ketene
derivative (charge-driven process) or as a free fatty acid
(charge-remote process). Other acyl groups lacking an
adjacent phosphate group, such as fatty acid at O-3 or
at the secondary substitution site, are usually eliminated
as free fatty acids by a charge-remote process. MS/MS
of the pseudomolecular ion at m/z 1743.8 resulted in

the fragment ion at m/z 1281.1 corresponding to the loss
of an acyl-oxyacyl group from the secondary ester-
bound C16:1n9 of C14:0(3-OH) {C14:0[3-O(C16:1n9)]}
as a ketene derivative (charge-driven process) (Scheme
1). The fragment ion at m/z 1263.0 indicated that the
acyl-oxyacyl group at O-3' could also be eliminated as
a free acid by a charge-remote process (Scheme 1).
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Figure 2. A portion of "H-'H COSY spectrum of lipid A fraction 1:2
MeOH-CHCI; from A. salmonicida subsp. salmonicida strain A449
LPS with assignments.

Table 1. Partial NMR data of lipid A from A. salmonicida subsp.
salmonicida strain A449 recorded in 2:1 CD3;CI-CD;0D at 25 °C

Residue Atom Chemical
no. shift (ppm)
lH 13C
Lipid Lipid A Lipid Lipid A
A? backbone® A backbone
GIetN (A) 1 4.71 5.64 91.6 90.9
2 3.77 3.37 S1.5  54.8
3 4.86 3.90 73.7 70.1
4 3.19 3.48 68.0 70.1
5 3.68 4.17 702 72.4
6 3.74,3.43 4.34, 3.89 69.3 69.8
GIeN (A) 1 4.39 4.88 102.5 99.5
2 3.54 3.08 542 55.8
3 4.92 3.85 72.7 73.0
4 3.86 3.82 67.6 3.5
5 3.34 3.71 75.6 74.4
6 3.87 3.56, 3.70 62.3  62.7

#Lipid A fraction 1:2 MeOH-CHCI; containing penta- and hexa-
acylated lipid A species.

®NMR data for 1,4’-bisphosphorylated B-p-GlcN-(1—6)-a-D-GlcN
(A’ — A) disaccharide backbone are from Ref. 12.

Observation of major fragment ions at m/z 1035.6 and
m/z 1017.6 in MS/MS spectrum of the pseudomolecular
ion at m/z 1743.8 was consistent with the cleavage of

1017.6

a

1243.8

1035.6

690.4

hoeso 14892
213.8

1281.1 1471.

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

1017.6
b

1035.6
690.5

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
1036.7

Cc

1281.0

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
m/z

Figure 3. ESIMS/MS spectra (-ion mode) of lipid A isolated by mild
acid hydrolysis of A. salmonicida subsp. salmonicida strain A449: (a)
MS/MS of m/z 1743.8; (b) MS/MS of m/z 1506.3; (¢) MS/MS of m/z
1280.3.

Cl14:0[3-O(C16:1n9)] by both charge-driven and
charge-remote processes, respectively, and with a simul-
taneous elimination of C14:0(3-OH) as compared with
fragment ions at m/z 1281.1 and m/z 1263.0 (Scheme
1). Elimination of C14:0[3-O(C16:1n9)], either as a
ketene or fatty acid, confirmed that it was located at
0-3'. The fragment ion at m/z 1489.2 corresponded
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Table 2. Assignment of ions observed in ESIMS and MS/MS spectra
of lipid A species of A. salmonicida subsp. salmonicida strain A449

Molecular mass (Da) Proposed
Observed Calculated 'Mterpretation
MS

1743.8 17434

[

1506.3  1507.0 [
1488.3  1488.9 [M>-H,O-H]™

[

[

1280.3  1280.6
12623 1262.7

MS/MS of m/z 1743.8

1489.2  1489.0 [M;—H] —Cl6:1n9

14713 1471.0 [M,—H] —C16:1n9—H,0

1281.1 1280.6 [M;—H] —C14:0[3-O(C16:1n9)[

1263.0 1262.6 [M,—H] —C14:0[3-O(C16:1n9)]

12438  1244.6 [M;—H] —Cl16:1n9—C14:0(3-OH)

1202.8  1203.5 02AP_C16:1n9

1035.6  1036.2 [M;—H] —C14:0(3-OH)—
C14:0[3-O(C16:1n9)°

1017.6  1018.2 [M;—H] —C14:0(3-OH)~

C14:0[3-O(C16:1n9)]

976.8 9772 02A—C14:0[3-O(C16:1n9)]

9169 9172 94A—_C16:1n9

708.5  708.8 04A—C14:0[3-O(C16:1n9)°

690.4  690.8 04A—C14:0[3-O(C16:1n9)]

508.3  508.5 04A—C14:0[3-0(C16:1n9)*—C12:0
4903  490.5 04A—C14:0[3-0O(C16:1n9)]-C12:0

MS/MS of m/z 1506.3

1261.8  1262.6 [M,—H] —C14:0(3-OH)
12439 1244.6 [M,—H] —C14:0(3-OH)-H,0

1220.6 12214 024

1035.6  1036.2 [M,—H] —C14:0(3-OH)—C14:0(3-OH)°

1017.6  1018.2 [M,—H] — 2 x C14:0(3-OH)
994.7 9952 024 —C14:0(3-OH)°
976.7 9772 02A—C14:0(3-OH)
9356 9352 04A
835.6 8359 [M,—H] —C14:0(3-OH)—
C14:0(3-OH)"-C12:0
817.6 8179 [M,—H] — 2 x C14:0(3-OH)—C12:0
708.5  708.8 04A—C14:0(3-OH)°
690.4  690.8 04A—C14:0(3-OH)
508.2  508.5 04A—C14:0(3-OH)*—C12:0
4902  490.5 04A—C14:0(3-OH)—C12:0

MS/MS of m/z 1280.3

1263.1  1262.6 [M;—H] —H,0
1036.7  1036.2 [M3;—H] —C14:0(3-OH)
1018.6 1018.2 [M3 H] —C14:0(3-OH)—H,0
995.5  995.2 024

976.6  977.2 92A—H,0

8358  835.9 [M3—H] —C14:0(3-OH)—C12:0
750.5  750.8 02A—C14:0(3-OH)

708.5  708.8 044

690.5  690.8 04A_H,0

508.1  508.5 04A—C12:0

M, M, and M; correspond to molecular mass of hexaacyl, pentaacyl
and tetraacyl lipid A species, respectively.

2024 and **A correspond to the cross-ring fragments with cleavage in
the sugar ring of GIcN A.

¢ Fatty acid eliminated as ketene.

to the elimination of C16:1n9. The observed fragment
ion at m/z 1243.8 was obtained due to the loss of two

acyl groups, C16:1n9 and C14:0(3-OH). Both fatty acids
were eliminated in the charge-remote process. As al-
ready mentioned, C14:0(3-OH) at O-3’ was substituted
with the secondary ester-bound C16:1n9. Taking into
account a greater stability of acyl amides at N-2 and
N-2' it was assumed that the second C14:0(3-OH) was
located at O-3 of GIcN A. This conclusion was rein-
forced by NMR analysis and further corroborated by
the inter-ring fragmentation pattern discussed below.

Cross-ring fragmentation of the reducing end GIcN A
has been widely used in structural studies of lipid A to
reveal the distribution of acyl residues in lipid A. The
cross-ring fragmentation mechanisms have been dis-
cussed in depth by Costello and Vath.?**” The MS/
MS analysis of the pseudomolecular ion at m/z 1743.8
indicated that a series of “*A fragment ions (following
the nomenclature of Costello and Vath®®) detected at
m/z 916.9, m/z 708.5, m/z 690.4 and m/z 490.3 were pro-
duced from the ring opening of GIcN A as shown in Fig-
ure 3. The fragment ions at m/z 916.9, m/z 708.5 and
m/z 690.4 differing only in the acyl group substitution
at O-3’ corresponded to the fragmentation of GIcN A.
The ion at m/z 916.9 corresponded to *“*A fragment
ion, lacking the secondary C16:1n9 at O-3" and suggest-
ing that C14:0(3-OH) of N-2’ was substituted by the sec-
ondary C12:0 {C14:0[3-O(C12:0)]} as shown in Figure
3a and Scheme 1. The C14:0[3-O(C16:1n9)] at O-3’ has
undergone elimination either as a free acid or ketene
resulting in the formation of “*A fragment ions at m/z
690.4 and m/z 708.5. The fragment ion at m/z 490.3
was produced similarly to the ion at m/z 690.4, but with
the simultaneous elimination of the secondary C12:0 of
C14:0(3-OH) at O-2’. Furthermore, **A fragment ions
from the cross-ring fragmentation of GIcN A were ob-
served at m/z 1202.8 and m/z 976.8. The former corre-
sponded to ®?A fragment where the secondary
Cl16:1n9 at O-3' was eliminated and the latter was
assigned to *?A fragment where the acyl-oxyacyl group
C14:0[3-O(C16:1n9)] at O-3’ was cleaved. Taken to-
gether, the above data confirmed that O-3 of GIcN A
was substituted by C14:0(3-OH) since it was present in
all ®?A fragment ions. Fatty acid composition of the
pseudomolecular ion at m/z 1743.8 containing four
C14:0(3-OH), one C12:0 and one C16:1n9, suggested
that O-2 of the reducing end GIcN A should be substi-
tuted by C14:0(3-OH). This conclusion was consistent
with the results of alkaline O-deacylation discussed
above. The combined evidence allowed for the complete
assignment of acyl residues in the hexaacylated lipid A
species at m/z 1743.8.

3.2. MS/MS analysis of the pentaacylated lipid A species
at mlz 1506.3

The mass difference between ions at m/z 1743.8 and m/z
1506.3 (A 237.5 Da) suggested that pseudomolecular ion
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Scheme 1. Fragmentation pathway of the lipid A precursor ion at m/z 1743.8 with proposed structures.

at m/z 1506.3 corresponding to a monophosphorylated
pentaacylated lipid A species was lacking C16:1n9 as
compared with the fragment ion at m/z 1743.8. The
MS/MS spectrum of the molecular ion at m/z 1506.3
(Fig. 3b) contained a number of ions related to the loss
of acyl residues (Scheme 2 and Table 2). The fragment
ion at m/z 1261.8 was consistent with the loss of one
C14:0(3-OH). The presence of major fragment ions at
m/z 1017.6 and m/z 1035.6 was consistent with the loss
of the second C14:0(3-OH) eliminated either as a ketene
derivative or a free fatty acid and suggesting that a pen-
taacylated lipid A species was substituted by the primary
C14:0(3-OH) at O-3’. Due to a greater stability of
amide-bound fatty acids the first C14:0(3-OH) was lo-
cated at O-3, either as the primary or the secondary fatty
acid, and not at N-2 or N’-2. The ions at m/z 708.5, m/z
690.4 and m/z 490.2 were assigned to “*A fragments.
Their corresponding structures were identical to the
ones deduced for the molecular ion at m/z 1743.8 sug-
gesting that N-2’ in the non-reducing end GIcN A’ of
this lipid A species was also substituted by an acyl-oxy-
acyl group C14:0[3-O(C12:0)]. In addition, ®*A fragment
ions at m/z 1220.6 and m/z 976.7 were consistent with
the presence of C14:0(3-OH) at O-3. Similarly to the
molecular ion at m/z 1220.6, the fragment ion at m/z

976.7 was attributed to the cross-ring fragmentation of
the reducing end GIcN A with an additional elimination
of C14:0(3-OH) at O-3'. As a result, the structure of the
pentaacylated lipid A at m/z 1506.3 was found to be sim-
ilar to that of the hexaacylated lipid A species but was
devoid of the secondary C16:1n9 at O-3' of GIcN A’.

3.3. MS/MS analysis of the tetraacylated lipid A species
at mlz 1280.3

The molecular ion at m/z 1280.3 represented a monophos-
phorylated tetraacylated lipid A species containing
three C14:0(3-OH) and one C12:0 (Table 2 and Scheme
3). MS analysis of the O-deacylated lipid A mixture indi-
cated the presence of two C14:0(3-OH) at positions O-2
and O-2/, respectively. The MS/MS spectrum of the ion
at m/z 1280.3 provided the evidence for the substitution
pattern of the remaining C14:0(3-OH) and C12:0, as
shown in Figure 3c. The ion at m/z 1036.7 was generated
due to cleavage of C14:0(3-OH), and a simultaneous
elimination of C12:0 resulting in the fragment ion at
m/z 835.8. The “*A fragments were observed at m/z
708.5 and m/z 508.1. The ion at m/z 708.5 contained
C12:0, which was further eliminated resulting in the ion
at m/z 508.1. The mass difference of 200.4 Da between
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Scheme 2. Fragmentation pathway of the lipid A precursor ion at m/z 1506.3 with proposed structures
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Scheme 3. Fragmentation pathway of the lipid A precursor ion at m/z 1280.3 with proposed structures

the ions at m/z 708.5 and m/z 508.1 indicated that C12:0
was eliminated as a free fatty acid by the charge-remote

A’ was further substituted by the secondary C12:0, while
position O-3' remained unsubstituted. The ion at m/z
995.5 corresponded to the inner-ring ®?A cleavage,

process and suggested that C14:0(3-OH) at O-2’ of GIcN
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establishing that the remaining C14:0(3-OH) was present
at O-3 in the tetraacylated lipid A species.

4. Conclusion

The lipid A of gram-negative bacteria contains a com-
plex mixture of structurally similar components varying
in number, position and length of fatty acids, phosphate
substitution and presence or absence of glycosyl residues
other than glucosamine. While these structural varia-
tions are mainly attributed to the incomplete biosynthe-
sis of lipid A, mild acid hydrolysis could also contribute
to the degradation of fatty acid residues.?*>* Heteroge-
neity of lipid A has limited the application of classical
chemical degradation methods and NMR analysis tech-
niques to the elucidation of its structure. Together with
soft ionization techniques, such as fast atom bombard-
ment?® laser desorption? and plasma desorption,*® mass
spectrometry has been widely applied to the structural
characterization of lipid A. In particular, recently devel-
oped very soft ionization methods, such as matrix-
assisted laser desorption/ionization time-flight’' and
electrospray ionization, in combination with tandem
mass spectrometry techniques® > have facilitated the
localization of fatty acid residues in lipid A region lead-
ing to rapid identification of its complete structure.

In the present report, we have established structures
of the major lipid A components of A. salmonicida
subsp. salmonicida from strains A449, 80204-1 and an
in vivo isolate by a combination of chemical methods
and NMR and ESIMS/MS analyses. ESIMS/MS anal-
ysis of lipid A indicated the presence of various frag-
ment ions, especially cross-ring fragments, permitting
the assignment of acyl residues in the lipid A backbone.
Additionally, tandem MS spectra of each lipid A species
afforded fragment ions corresponding to cleavage of
ester-bound fatty acids and confirming a greater stabil-
ity of acyl amide linkages,> thus allowing the identifi-
cation of O-substituted acyl residues.

El-Aneed and Banoub reported the lipid A structure
of A. salmonicida from strains SJ-15 and SJ-83, which
was determined by electrospray ionization quadrupole
time-of-flight tandem mass spectrometry techniques
and showed that it contained a main constituent com-
prising B-D-GIcN4P-(1—6)-0-D-GlcN1P  disaccharide
substituted with phosphate groups at positions 4’ and
1, where positions 2/2’ and 3/3’ were substituted by
amide-linked and ester-linked C14:0(3-OH), respec-
tively, and primary acyl chains on positions 2’ and 3’
were further esterified by C12:0. No C16:1n9 was de-
tected.** This lipid A component was also detected as
a minor species in lipid A of A. salmonicida subsp. sal-
monicida from strains A449 and 80204-1, and corre-
sponding molecular ions at m/z 1689.3 and m/z
1689.5, respectively, were observed (Fig. 1a and b).

The significance of the acylation pattern variation in
lipid A of A. salmonicida subsp. salmonicida is still
unclear, but it may play a role in biological activities.
It was evidenced that the structural heterogeneity of
lipid A could affect the toxicity and virulence of other
gram-negative bacteria, such as E. coli*> and Salmonella
typhimurium.>® Enteric bacteria can synthesize different
forms of lipid A in response to the host environment.
Earlier work by Ernst et al.®' indicated that Pseudomo-
nas aeruginosa isolates from the airway of cystic fibrosis
(CF) patients synthesized lipid A species with an
increased content of C16:0 leading to increased stimula-
tion of IL-8 expression and bacterial resistance to
cationic antimicrobial peptides when compared with
the clinical non-CF lung infection.
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