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Abstract: Members of genus Burkhol-
deria include opportunistic Gram-nega-
tive bacteria that are responsible for
serious infections in immunocompro-
mised and cystic fibrosis (CF) patients.
The Burkholderia cepacia complex is a
group of microorganisms composed of
at least nine closely related genomo-
vars. Among these, B. cenocepacia is
widely recognized to cause epidemics
associated with excessive mortality.
Species that belong to this strain are
problematic CF pathogens because of
their high resistance to antibiotics,
which makes respiratory infections dif-
ficult to treat and impossible to eradi-
cate. Infection by these bacteria is asso-
ciated with higher mortality in CF and
poor outcomes following lung trans-

plantation. One virulence factor contri-
buting to this is the pro-inflammatory
lipopolysaccharide (LPS) molecules.
Thus, the knowledge of the lipopoly-
saccharide structure is an essential pre-
requisite to the understanding of the
molecular mechanisms involved in the
inflammatory process. Such data are in-
strumental in aiding the design of anti-
microbial compounds and for develop-
ing therapeutic strategies against the
inflammatory cascade. In particular,
defining the structure of the LPS from
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B. cenocepacia ET-12 clone
LMG 16656 (also known as J2315) is
extremely important given the recent
completion of the sequencing project
at the Sanger Centre using this specific
strain. In this paper we address this
issue by defining the pro-inflammatory
activity of the pure lipopolysaccharide,
and by describing its full primary struc-
ture. The activity of the lipopolysac-
charide was tested as a stimulant in
human myelomonocytic U937 cells.
The structural analysis was carried out
by compositional analysis, mass spec-
trometry and 2D NMR spectroscopy
on the intact lipooligosacchride (LOS)
and its fragments, which were obtained
by selective chemical degradations.

Introduction

In this paper we show that the high pro-inflammatory activi-

ty of B. cenocepacia ET-12 type strain LMG 16656 is due to

the lipopolysaccharide (LPS), and we carry out a detailed
chemical study on its LPS structure by means of chemical
analyses, matrix-assisted laser desorption/ionization mass
spectrometry and 2D NMR spectroscopy.

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. It contains the

SDS-gel electrophoretic comparison of LPS from Burkholderia ceno-

cepacia ET-12 clones and Burkholderia multivorans strain

LMG 14273 (in Figure S1); monosaccharide components of LOS,
0S1, OS2 and OS3 in Table S1; comparison of 'H NMR spectra of
OS1 and OS2 products; and structural characterization of the de-O-
acylated LOS fraction (with Figure S3 and Table S2).
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The genus Burkholderia™ comprises more than 30 spe-
cies, which include animal and plant pathogens, as well as
environmental bacteria that inhabit diverse ecological
niches and have been isolated from soil, water, plants, in-
sects, industrial settings, hospital environments and from in-
fected humans.!! Several Burkholderia strains have attracted
considerable interest from the biotechnological and agricul-
tural industry for bioremediation of recalcitrant xenobiotics,
plant growth promotion and biocontrol purposes. Burkhol-
deria species have emerged as problematic opportunistic
pathogens in cystic fibrosis (CF) patients and in immuno-
compromised individuals.'¥! These species comprise a heter-
ogeneous group of genetically distinct strains, each known
as a genomovar. The B. cepacia complex (BCC)™ consists of
nine described species that share a high degree of
16S rDNA sequence similarity (98-100% ), and only moder-
ate levels of DNA-DNA hybridization: B. cepacia, B. multi-
vorans, B. cenocepacia, B. stabilis, B. viethamiensis, B. dolosa,
B. ambifaria, B. anthina and B. pyrrocinia. BCC strains can
cause life-threatening lung infections in individuals with
chronic granulomatous disease, or with CF. Species that
belong to the BCC are problematic CF pathogens because
of their high resistance to antibiotics, which makes respirato-
ry infection difficult to treat and impossible to eradicate. In-
fection by these bacteria is associated with higher mortality
in CF and poorer outcomes following lung transplantation
compared to those patients with pretransplant Pseudomonas
aeruginosa infections. Many species are highly epidemic and
spread easily within CF centres from one patient to another,
which leads to considerable anxiety and segregation policies.

The majority of BCC species that have been isolated from
cystic fibrosis centres belong to B. multivorans (BCC ge-
nomovar II) and B. cenocepacia (BCC genomovar II1).54
B. cenocepacia accounts for the majority of isolates. Within
this grouping, there are a number of strains that are respon-
sible for causing often fatal epidemics, in particular the ET-
12 clone. The ET-12 strain predominates in several CF cen-
tres and has enhanced virulence and capacity of spread.’™
The higher mortality rates following lung transplantation
appear to be restricted to ET-12-infected patients."?! For
these reasons, it has been designed as the type strain and its
genome has been sequenced at the Sanger Centre.

The pathogenic mechanisms that lead to poor clinical out-
comes are only just beginning to be explored at the molecu-
lar level. Several virulence factors have been defined for
B. cenocepacia, one of the most important of which is the
lipopolysaccharide (LPS) molecule.” % Lipopolysaccharides
are heat-stable, complex amphiphilic macromolecules that
are indispensable for the growth and survival of Gram-nega-
tive bacteria; they are also called endotoxins because they
are cell-bound, and once released, they play a key role in
the pathogenesis of Gram-negative infections. LPSs com-
pose about 75% of the outer membrane of Gram-negative
bacteria and are exposed to the external environment. They
have common structural motifs composed of a hydrophilic
heteropolysaccharide (formed by a core oligosaccharide and
an O-specific polysaccharide or O-chain) that is covalently

3502

www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

linked to a lipophilic moiety termed lipid A, which is em-
bedded in the outer leaflet and anchors these macromole-
cules to the membrane through electrostatic and hydropho-
bic interactions. LPSs that do not possess the O-chain are
termed rough LPSs (R-LPSs) or lipooligosaccharides
(LOSs). LOSs can occur either in wild strains, or in labora-
tory strains that posess mutations in the genes encoding for
either the O-specific polysaccharide biosynthetic enzymes,
or for proteins devoted to its transfer through the mem-
brane. Lipid A possesses a rather conservative structure that
usually consists of a p-(1—6)-glucosamine disaccharide
backbone that is phosphorylated at the 1- and 4’-positions,
and is acylated with primary 3-hydroxy fatty acids at the 2-
and 3-positions of both GIcN residues. The hydroxyl groups
of the primary fatty acids can be further acylated by secon-
dary acyl moieties. In the core oligosaccharide, the inner
and outer regions are usually distinguished: the inner core,
proximal to the lipid A, consists of typical mannose residues
like Kdo (3-deoxy-p-manno-oct-2-ulosonic acid) and hepto-
ses. Kdo is the linker between the GIcNII of the lipid A
backbone and the inner core portion. The outer core region
is more variable and is usually composed of hexoses.”'”! Sur-
prisingly, few data are available for the LPS structure from
B. cenocepacia in general, and in particular for the ET-12
clone LMG 16656 (also known as J2315), despite it being
the designated type strain that was used for genome se-
quencing at the Sanger Centre. The elucidation of the LPS
structure is an essential prerequisite for the understanding
of the molecular mechanisms that are involved in the in-
flammatory process. Such data are instrumental in aiding
the design of antimicrobial compounds and for the develop-
ment of therapeutic strategies against the inflammatory cas-
cade. Furthermore, the observations of the high pro-inflam-
matory activity of the ET-12 clone by using LPS-rich whole-
cell lysates as stimulants in human myelomonocytic U937
cellsk®! prompted us to start the isolation of the pure LPS
molecules in order to test their activity and to determine the
structure as the first step toward a structure—activity com-
parison between the B. cenocepacia ET-12 clones relative to
the other LPS from the B. cepacia complex.

Results

SDS electrophoresis analysis and biological activity of ET-12
LPSs: A LPS fraction was extracted from B. cenocepacia
ET-12 strains LMG 16656, the type strain recently se-
quenced at the Sanger Centre, from strain LMG 18863
(also known as k56-2, an ET-12 clone) and from
strain LMG 12614, and eventually, a LPS from the clini-
cally derived B.multivorans strain LMG 14273. These
fractions were analyzed by SDS electrophoresis;
LMG 12614, LMG 16656 and LMG 14273 were found to
run to the bottom of the gel, which is typical for R-type
LPS (LOS), whereas LGM 18863 behaved like a typical
S-LPS (Figure S1 available in the Supporting Informa-
tion).
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The three B. cenocepacia ET-12 LOSs were tested and
compared with B. multivorans LOS for their pro-inflamma-
tory activity, in particular, for TNF-a induction in human
myelomonocytic U937 cells. We found that the type strain
B. cenocepacia ET-12 LMG 16656 was capable of inducing
significantly greater levels of TNF-a induction relative to
B. multivorans LMG 14273 (p <0.05) and in general, all ET-
12 strains induced significantly more TNF-a induction than
the B. multivorans, even though there were significant differ-
ences in cytokine induction (Figure 1). These data are con-

TNF-ct/ ng
tn (=) ~1

s
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12315 LMG 12614 LMG 18863 LMG 14273

Figure 1. A comparison of the ability of purified LPS from Burkholderia
species to induce TNF-a production in a U937 macrophage reporter
assay. Purified LPS (100 ng) from three ET-12 B. cenocepacia clones
(solid bars) and B. multivorans strain LMG 14273 were incubated with
differentiated U937 macrophages for 24 h. The resultant supernatants
were assayed for tumour necrosis factor-alpha (TNF-a) activity by
ELISA. Significantly higher TNF-a was elicited by any of the ET-12
clones (p <0.05) as compared to the B. multivorans.

sistent with our prior observations from using LPS-rich
whole cell lysates as stimulants in the same reporter assay."

Isolation and compositional analysis of LOS, OS1 and OS2
from B. cenocepacia ET-12 strains LMG 16656: The isolated
LPS from LMG 16656 was a rough chemotype (LOS), as
suggested by SDS-PAGE (Figure S1 available in the Sup-
porting Information) and was subjected to a full structural
investigation.

Monosaccharide analyses of the isolated LOS from
LMG 16656 revealed the presence of L-Rha, 2,6-dideoxy-2-
amino-D-glucose (D-quinovosamine, D-QuiN), D-GIcN, 4-
amino-4-deoxy-L-arabinose (L-Ara4N), p-Glc, p-Gal, L-glyc-
ero-D-manno-heptose  (L,p-Hep), 3-deoxy-p-manno-oct-2-
ulopyranosonic acid (p-Kdo) and p-glycero-p-talo-oct-2-ulo-
pyranosonic acid (p-Ko). Methylation analysis revealed the
presence of 3,4-disubstituted Hep, 3,7-disubstituted Hep, 7-
substituted Hep, terminal Hep, 2,6-disubstituted Gal, 6-sub-
stituted Glc, terminal Glc, terminal Rha, terminal Ara4N, 6-
substituted GIlcN, 3-substituted QuiN, 4,5-disubstituted Kdo,
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8-substituted Ko and terminal Ko, all as pyranose rings and
with a high GLC retention time of a heptose disaccharide
formed by Hep-(1—7)-Hep. In agreement with the publish-
ed method,"! a mild methanolysis on the intact LOS (0.5M
HCI/MeOH, 85°C, 45 min) allowed the isolation of the tri-
saccharide formed by Ara4N-(1—8)-Ko-(2—4)-Kdo.

A fatty acids analysis revealed the presence of (R)-3-hy-
droxyhexadecanoic (C16:0 (3-OH)) in an amide linkage and
(R)-3-hydroxytetradecanoic (C14:0 (3-OH)) acid and tetra-
decanoic acid (C14:0) in ester linkages.

To determine the primary structure of the core portion of
B. cenocepacia, a mild hydrolysis with acetate buffer was
performed in order to cleave lipid A from the core oligosac-
charide fraction. After gel-permeation chromatography, two
fractions, OS1 and OS2 were isolated.

The compositional analysis (Table S1 available in the Sup-
porting Information) of the isolated OS1 revealed the pres-
ence of L-Rha, p-QuiN, p-Gle, p-Gal, r,p-Hep, p-Kdo.
Methylation analyses showed the presence of a 3,4-disubsti-
tuted Hep, a 3,7-disubstituted Hep, a terminal Hep, a 2,6-
disubstituted Gal, a terminal Glc, a terminal Rha, a 3-substi-
tuted QuiN, a 5-substituted Kdo and a small amount of 6-
substituted Glc, all in the pyranose ring form.

The compositional analysis of the isolated OS2 showed an
additional Dp-Ko residue, whereas the linkage analysis
showed the additional presence of a 4,5-disubstituted Kdo, a
terminal Ko and a 7-substituted Hep with respect to OS1,
and of a heptose disaccharide formed by Hep-(1—7)-Hep.
A mild methanolysis treatment (0.5M HCI/MeOH, 85°C,
45 min) allowed the isolation of the disaccharide formed by
Ko-(2—4)-Kdo.""

Structural characterisation of the OS1 product: The
"H NMR spectra of OS1 and OS2 are shown in Figure S2. A
combination of homo- and heteronuclear 2D NMR experi-
ments (DQF-COSY, TOCSY, ROESY, 'H-"C HSQC and
'"H-"C HMBC) was executed in order to assign all of the
spin systems of OS1 and the monosaccharide sequence. In
the anomeric region of the '"H NMR spectrum (Figure 2),
ten anomeric signals were identified (A-I, Table 1); further-
more, the signals at 6 =1.86/2.16 ppm were identified as the
H-3 methylene of the Kdo residue. The anomeric configura-
tion of each monosaccharide unit was assigned on the basis
of the 3]H1,H2 coupling constants that were obtained from the
DQF-COSY spectrum and the intraresidual NOE contacts
that were observed in the ROESY spectrum; the values of
the vicinal *Jy; ;4 coupling constants allowed the identification
of the relative configuration of each residue. The proton res-
onances of all spin systems were obtained by DQF-COSY
and TOCSY spectra (Figure 3) and were used to assign the
carbon resonances in the HSQC spectrum. The NMR data
indicated the existence of a mixture of two oligosaccharides
with different carbohydrate chain lengths.

Spin system A, H-1 at 5.47 ppm (Figure 2, Table 1) was
identified as a-galactose, as indicated by its low 31113,114 and
3Jquns values (3 Hz and 1 Hz, respectively), which are diag-
nostic of an a-galacto-configuration. The H-1 and C-1 chem-
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Figure 2. '"H NMR spectrum of OS1 product. In the inset the expanded anomeric region is shown. Anomeric signals of spin system are designated as in

Table 1.

Table 1. 'H and "*C (italic) NMR chemical shifts [ppm] of sugar residues of the core lipid A region of the oli-
gosaccharide OS. The heptose residues possess a L-glycero-pD-manno configuration, both rhamnose and quino-
vosamine residues posess a L-configuration, while the other residues posess a D-configuration.

Chemical shift 6 ("H/**C)

Spin systems E and I
(Table 1) were identified as glu-
cose residues, as indicated by
their large ring *Jyy coupling

Unit 1 2 3 4 5 6 7 8
o constants (above 10 Hz). The
?6 Gal 9;‘37 73'29 7?'35 72'91)1 7?'35 6‘5"?9/3'71 strong intraresidue NOE con-
,6-a-Ga . 2 . . . . .
B 521 426 400 374 366 416 373 tacts of H-1 T with H-3 and H-5
37-0-Hep  100.9 69.3 79.7 72.6 71.1 68.1 69.6 L, together with the “Jy g, cou-
C 513 4.09 421 421 3.75 4.03 3.75 pling constant (7 Hz) was diag-
34-a-Hep 1007 558 731 73.1 729 688 62.9 nostics of P-configuration of
D 508 399 386 377 374 387 4.00/3.81 residue I whereas the infraresi-
7-a-Hep 101.6 700 706 72.2 72.3 70.7 723 ’ :
D’ 507 399 386 363 374 403 375 due NOE contact of H-1 with
t-a-Hep 101.6 70.0 70.6 71.2 72.2 68.8 62.9 H-2, and the *Jy .y, coupling
E 499 357 371 344 375 3.77/3.85 constant (3 Hz) were indicative
t-a-Gle 97.9 71.6 71.8 7.7 730 604 of an a-anomeric configuration
F 494 400 387 3.63 374 403 375 ¢ residuc E
t-a-Hep 1003 699 706 712 722 688 62.9 ot residue L.
G 485 3.79 3.74 3.43 402 123 Residue G (H-1 at 6=
t-o-Rha 101.4 70.8 72.2 72.0 69.7 16.1 4.85 ppm) was recognized as a
?BQ N 10322 5§-§4 8?25 7?59 7?22 ](1534 a-rhamnose residue. Actually,
-p-Qul 3 . . . . . .
1 458 333 350 345 346 3760395 in the TOCSY spectrum, scalar
t-p-Gle 102.3 737 757 69.5 764 614 correlations of the ring protons
K - - 1.86/2.16 4.12 4.15 3.67 3.76 3.86/3.60 Wwith methyl signals in the
5-0-Kdo 1744 953 341 658 743 713 69.1 634

shielded region at 6=1.23 ppm
were visible. The manno config-
uration of residue G was estab-

ical shifts (6=5.47 and 97.47 ppm),the *Jyj, 5, value and the
intraresidual NOE contact of H-1 with H-2 were all in
agreement with an a-anomeric configuration and a *C; ring
conformation.

Spin systems B, C, D, D', F (Table 1), were all identified
as a-heptose residues, as indicated by their *Jy; 1, and *Jip s
coupling constants (below 3 Hz), and by the intraresidual
NOE of H-1 with H-2. The C chemical shift value of C-6
of these heptose residues (all below 6 =70 ppm) allowed us
to identify them as r-glycero-n-manno-heptose, in accord-
ance with the chemical analysis.

www.chemeurj.org
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lished from the *Jy, yy, and *Jy, gy, values, the a-configuration
was assigned by the intraresidual NOE contact of H-1 with
H-2 and by the chemical shift of its H-5 and C-5.

Residue H (H-1 at 6 =4.62 ppm) was recognized as a [3-
quinovosamine (3-QuiN), that is, possessing a gluco configu-
ration as indicated by the ring /g coupling constants
(above 10 Hz). The intraresidual NOE contact of H-1 with
H-3 and H-5, and the */y; i, coupling constant were indica-
tive of B-anomeric configuration. The *C-'H HSQC spec-
trum showed the correlation of H-2 H, at 6 =3.84 ppm, with
a nitrogen-bearing carbon signal at 6 =55.5 ppm. The down-

Chem. Eur. J. 2007, 13, 3501 -3511
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of residue B at O-3 by the a-
galactose A. Furthermore, resi-
due B was glycosylated at O-7
by the heptose residue F, as
e demonstrated by the NOE con-
L4 tact of H-7 B (6=3.73 ppm)
with H-1 F (6=4.94 ppm). Res-

56 54 52 50 48 4.6 4.4 42 4.0 38

5.0
idue A was substituted at O-2
3 and O-6. Thus, the NOE corre-
152 lation of H-6 A (6=4.09/
- 3.71 ppm) with H-1 E of a-Glc
evidenced the substitution of
54 residue A at O-6 by the o-glu-
F5.5 cose E. Furthermore the a-gal-
i i 55 actose was glycosylated at posi-
36 34 ppm tion O-2 by the o-heptose D',

Figure 3. Section of the ROESY (grey) and TOCSY (black) spectrum of oligosaccharide OS1. Monosaccharide ~ as evidenced by the NOE con-
labels are as indicated in Table 1. The relevant interresidue ROE crosspeaks are indicated. The presence of a  tact of H-2 of A (6=3.69 ppm)
terminal non-stoichiometric disaccharide induces a visible shift in the H-2 A signals. with H-1 of D’ (6=5.07 ppm).

field shift of proton resonance of H-2 H was diagnostic of
N-acetylation at this position, which was also confirmed by
the dipolar correlation of H-2 H with the methyl protons of
the acetyl group resonating at 6 =1.98 ppm.

Because of the absence of the anomeric proton signal, the
spin system of Kdo K was assigned starting from the diaste-
reotopic H-3 methylene protons, which resonate in a shield-
ed region at 6 =1.86 and 2.16 ppm (H-3,, and H-3, respec-
tively). Because of its free reducing end, the Kdo residue
was present in multiple forms. Nevertheless, the signals that
belonged to the a-reducing unit were clearly noticeable, and
the o-anomeric orientation at C-2 was assigned by the
chemical shift values of H-3, and by the values of the */i; s,
and *Jy; g, coupling constants.'>'?!

The downfield shift of the carbon resonances identified
the glycosylated positions: O-2 and O-6 of residues A, O-3
and O-7 of B, O-3 and O-4 of C, O-7 of D, O-3 of H and O-
5 of K, whereas residues D', E, F, G, I were non-reducing
terminal sugars, in full agreement with the methylation anal-
ysis data. The interresidual NOE contacts (Figure 3) and the
long-range correlations present in the HMBC spectrum con-
firmed the oligosaccharide sequence.

The linkage of the heptose C to O-5 of Kdo K was
proven by the downfield shifts of the signal for its C-5 (a-
Kdo, 6=74.3 ppm) and by the NOE connectivity between
H-1 of the heptose C (0=5.13 ppm) and H-5 and H-7 of
Kdo (0 =4.15 and 3.76 ppm, respectively).

Residue C was substituted at O-3 and O-4. The NOE con-
tact (Figure 3) of H-4 (0=4.21 ppm), H-3 and H-6 C with
H-1 1 (6=4.58 ppm) evidenced that the O-4 of a-heptose C
was glycosylated by residue I, the $-glucose. Residue C was
also substituted at O-3 by residue B, according to the NOE
(Figure 3) of H-3 and H-2 C with H-1 B (6=5.21 ppm).
Residue B was identified as the 3,7-disubstituted a-heptose.
The NOE correlation of H-3 B (6=4.00 ppm) with H-1 A
(0=5.47 ppm) (Figure 3) gave evidence for the substitution

Chem. Eur. J. 2007, 13, 3501 -3511 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Www.chemeurj.org

The HMBC spectrum con-

firmed the structure assigned so
far, because it contained all of the required long-range cor-
relations to demonstrate the proximity of the residues. Thus,
the methylation analyses, glycosylation shifts and NOE data
are all in agreement and indicate the oligosaccharide struc-
ture (oligosaccharide X) below:

F-(157)-B-(1—3)-C-(1-5)-K-(2—

3 4
) i)
1 1
D-(1-2) A I
6
T
E

An alternative glycoform of the a-heptose D' was found,
namely residue D (H-1 6=5.08 ppm, see Figure3 and
Table 1), identified as a 7-a-Hep. The NOE contact of H-
7 D with H-1 of the 3-D-QuiN H, evidenced the glycosyla-
tion of the 7-position by residue H. Residue H was, in turn,
substituted at O-3 by the terminal a-rhamnose G, as sug-
gested by the NOE contact between H-1 of G and H-3 of
H. The long-range scalar connectivity in the HMBC spec-
trum confirmed this oligosaccharide sequence. These data
validated the following structure, differing from the above
oligosaccharide X for the presence of the additional termi-
nal disaccharide [G-(1—3)-H-(1—7)-(oligosaccharide Y):

F-(1-7)-B-(153)-C-(1-5)-K-(2—
3

I 1
1
G-(1-3)-H-(1-7)-D-(1-2) A I

6

1

E
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The appearance of the anomeric signals of A and E as
triplets (Figure 2) was most likely due to the heterogeneity
determined by the non-stoichiometric presence of the termi-
nal disaccharide [QuiNAc-(1—3)-Rha-(1—], which induces
small shifts of the H-1 signals. The induced shift in the reso-
nance of the residue of a-heptose, to which the disaccharide
is linked, and which is also split into two signals, D and D’
can be explained in the same way.

A MALDI mass spectrum of the oligosaccharide mixture
OS1 completely confirmed our structural hypotheses (Fig-
ure 4a). The negative-ion mass spectrum showed two major

Kdo 4Hept 3Hex
14919

X
10000 ¥

10 1825.2

8000

6000 1654.0 Hex

Kdo 4Hept 3Hex dHex d HexNac

4000 9873
2000
0

I. In analogy to the core structure of other Burkholderia
and Pseudomonas LPSs characterised thus far,®* this glu-
cose can be placed at O-6 of residues I.

MALDI-MS characterisation of the OS2 product: The
second oligosaccharide fraction OS2 isolated by means of
gel-permeation chromatography underwent a mass spectro-
metric investigation. A methylation analyses revealed the
presence of a 3,4-disubstituted Hep, a 3,7-disubstituted Hep,
a 7-substituted Hep, a terminal Hep, a 2,6-disubstituted Gal,
a 6-substituted Glc, a terminal Glc, a terminal Rha, a 3-sub-
stituted QuiN, a 4,5-substituted
Kdo, a terminal Ko and a hep-
tose disaccharide formed by
Hep-(1—7)-Hep. A mild meth-
anolysis treatment (0.5m HCl/
MeOH, 85°C, 45 min) allowed
the isolation of the disaccharide
Ko-(2—4)-Kdo.

The negative-ion MALDI
mass spectrum of the oligosac-
charide mixture OS2 showed
several ion species that differed

1000 1200 1400 1600 1300 2000

Ko Kdo 4Hept 3 Hex

o0ng: | 17276

5000 ] R Hex

) /

Hept
Hept 1$90.0 206].1]_-\-'\
3000 7 5

2000 7
1000 7]

Ko Kdo 4Hept 3 Hex dHex dHexNac

22530

2200 2400 Mass (wa)

for the length of the sugar skel-
eton. The ion R (Figure 4b) at
m/z=1727.6 was built up of
four Hep, three Hex, one Kdo
and one Ko residue. Species R
matched with species X, which
was present in the oligosacchar-
ide OS1 (Figure 4b) with an ad-
ditional Ko moiety. Species S at
mlz=2061.0 (Am/z=333 from
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Figure 4. Top: Negative-ion MALDI mass spectrum of OS1 product. Bottom: Negative-ion MALDI mass

spectrum of OS2 product.

ions at m/z=1491.9 and 1825.2 (Am/z=333). The species at
mlz=1491.9 was identified as the octasaccharide X, which is
built up of four Hep, three Hex and one Kdo residues. The
species at m/z=1825.2 (Am/z=333) was consistent with the
decasaccharide Y, which differs from X by the presence of
the additional p-Hex—p-HexNAc disaccharide.

The oligosaccharide species corresponding to the ions at
m/z=1654.0 and 1987.3 carried an adjunctive Hex residue
with respect to oligosaccharide X and Y, and were not visi-
ble by NMR spectroscopy. The
presence of a 6-substituted glu-
cose (see above and Table S1 of
the Supporting Information) in-

2400 2600

R) was consistent with an unde-
casaccharide that differed by
the presence of the additional
dHex—dHexNAc  disaccharide
and matched with species Y,
which was present in the oligo-
saccharide OS1, with an additional Ko moiety. Species car-
rying an additional Hep or Hex residue with respect to R
and S were also present in the MALDI mass spectrum. The
additional Hep was obviously linked at O-7 of the terminal
heptose residue (residue F in OS1, see above), as demon-
strated by the Hep-(1—7)-Hep disaccharide found by GC-
MS analysis.

By merging the information deriving from OS1 and OS2,
it was possible to define a single oligosaccharide sequence:

Mass (&)

o-L,D-Hep-(1—7)-0-L,D-Hep-(1—7)-0--L,D-Hep-(1—3)-0-L,D-Hep-(1—5)-0-D-Kdo-(4—2)-0-D-Ko
3 4

dicated that this additional non- I I
stoichiometric residue, when B-D-QuiNAc-(1—7)-0-L,D-Hep-(1—2)-0-D-Gal B-D-Gle
present, was located at O-6 of ? ?
one of the two terminal hexoses 1 1

o-L-Rha a-D-Gle

of OS81, namely, residues E and
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At this stage it can be sup-
posed that the glycosydic link-
age of the Ko unit in OS1 was
most likely partially cleaved
during the acid hydrolysis.

12000

1444.7 1

00
100001 15757 11

Structural characterization of
the de-O-acylated LOS frac-
tion: To characterise the sac-
charide backbone of the lipid A 60007
moiety, the LOS was de-O-acy-
lated by mild hydrazinolysis,
and the product (OS3) under- 40007
went a complete chemical and
NMR investigation (see Sup-
porting Information). On the
basis of the NMR data, the
phosphate substitution pattern 0

8000

200

1671.1 1II

1802.2 IV

FULL PAPER

A (1709.7) = 4Hept 3Hex 1Kdo 1Ko
B (2043.6) = 4Hept 3Hex 1Kdo 1Ko 1dHex 1dHexNAc¢

I=LA tetra

I1 =LA tetra +1 AraN
III = LA penta

IV =LA penta+1 AraN

3286.5

can be summarized in this way: y
the a-GlceN of lipid A carries a
phosphate group at an anome- 30001

metrically substituted by a 4-
deoxy-4-amino-arabinose
moiety, and the B-GlcN always
carries a phosphate group at
position O-4.

6000

Structural characterisation by
MALDI mass spectrometry of 4000+
the intact LOS and Lipid A: To
confirm the structure of the
lipid A core region, and to gain
more information about the
non-carbohydrate substituents,
the intact LOS and the lipid A
were analysed by MALDI MS.
The negative-ion MALDI mass
spectrum of intact LOS (Figur- 07

I+A

20007

1+A
ric position that is not stoichio- 32865

131 vea IHB

T T T T T
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LOS

II+A+Arad4N
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BT e A+ AradN
3643.8

II+B+AradN
3751.6

1B
MI+A 1476 IV+B
338

[3403  Jv+B+AradN
39774

e 5a,b) showed ion peaks relat- 3000 3200

ed to fragments that arose from
the very labile glycoside bond
cleavage between Kdo and the
lipid A moiety.™ Molecular
ions in the mass range 3000-
4200 Da were also present. This fragmentation arises from a
B-elimination and yields either an oligosaccharide ion (B-
type ions) or a lipid A ion (Figure 5a). Thus, at low molecu-
lar masses (Figure 5a), the two ion peaks derived from the
core oligosaccharide and were in accordance with the struc-
ture that we have deduced above. The ion peak A at m/z=
1709.7 was the nonasaccharide carrying four heptoses, three
hexoses, one Kdo and one Ko, whereas the ion B at m/z=
2043.6 was the undecasaccharide carrying the adjunctive D-
Hex-p-HexNAc disaccharide (Am/z=333.9 from A). The
two ions, A and B chemically matched the major oligosac-
charide species OS1 (that lacks the Ko residue) and OS2,
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Figure 5. Top: Negative-ion MALDI TOF mass spectrum of intact LOS of B. cenocepacia obtained in linear
mode. Bottom: High mass region of the same mass spectrum showing molecular ions.

previously characterised. In the same mass range, ion peaks
deriving from the lipid A were identified. The lipid A was
constituted by a mixture of tetra- and pentaacylated species
differing by the phosphorylation pattern (species I-IV) (Fig-
ure 5a). Species I at m/z=1444.7 was consistent with a tet-
raacylated disaccharide backbone that carries a 14:0 (3-OH)
chain in the ester linkage, and two 16:0 (3-OH) chains in
the amide linkage, one of which, on the GlcN II, was further
substituted by a secondary fatty acid residue, a 14:0 residue.

Species II at m/z=1575.7 (Am/z=131) carried an addi-
tional Ara4N residue with respect to species I. Species III
and IV were the corresponding pentaacylated species carry-
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ing two ester-linked 14:0 (3-OH) residues. The location of
the secondary fatty acid 14:0 on the GlcN II was determined
by the analysis of the lipid A, which was isolated as a precip-
itate by acetate buffer hydrolysis (see above). Thus, in the
positive-ion MALDI mass spectrum, the triacylated oxoni-
um ion at m/z=933.7 (not shown), which arose from the
glycosydic cleavage of the non-reducing GlcN unit, was as-
cribed to a triacylated oxonium ion carrying a 14:0 (3-OH),
a 14:0 and a 16:0 (3-OH) residue. To assign the secondary
fatty acid position, the LOS was hydrolysed with ammonium
hydroxide,!'! and the product was analysed by MALDI MS
(not shown). This approach resulted in the identification of
the location of the amide-bound acyloxyacyl moiety, that
was left unaltered by this mild hydrolysis. In fact, the spec-
trum that registered in negative-mode contained an ion
peak at m/z=1218.8, which was related to a triacylated bis-
phosphorylated lipid A species with two amide-linked 16:0
(3-OH) residues, one of which was substituted by a C14:0.
Minor species at m/z=1444.5 carried an additional ester-
linked C14:0 (3-OH) residue (Am/z=+4226). Moreover, it
was also possible to detect two other ions at m/z=1349.6
and 1575.6, which were identified as tri- and tetraacylated
lipid A species carrying an additional Ara4N residue.

The LOS molecular ions in the mass range 3000-4000 Da
(Figure 5b) were given by the combination of the peaks of
lipid A and the core region. Interestingly, the peaks related
to the presence of an additional pentosamine that is located
in the core region were also present (e.g., see the ion at
m/z=3417.7). This pentosamine was identified by GC-MS
as Ara4N. This last residue was evidently linked at position
O-8 of the Ko residue, as shown by the GC-MS analysis,
which showed the existence of a Kdo-Ko-Ara4N trisacchar-
ide, in accordance with prior data.l7-18l

In summary, the complete structure of the lipo-oligosac-
charide (Figure 6) from the virulent strain of B. cenocepacia
ET-12 LMG 16656 (strain J2315) has been carried out by
chemical analyses, MALDIMS and 2D NMR spectroscopy.

Discussion

This is the first report on the primary structure of the R-
LPS from LMG 16656, the ET-12 clone type strain of B. cen-
ocepacia (also known as J2315), perhaps the most notorious
and feared single strain in cystic fibrosis. The ability of this
LOS to induce TNF-a production in a U937 macrophage re-
porter assay is also described.

Although other epidemic strains may prevail depending
on geographical location, the B. cenocepacia ET-12 clone
has been responsible for epidemics in CF centres in the UK
and Canada, and is one of the most common strains in CF
patients noted worldwide.®?!1 Upon infection, this strain is
also associated with increased morbidity and mortality in
CF patients, and has been associated with high mortality
rates following lung transplantation in CF recipients with
preoperative ET-12 infections.’?! Infection with any of the
B. cepacia complex may be characterised by accelerated
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Figure 6. The structure of the lipooligosaccharide from Burkholderia cen-
ocepacia. The dotted line indicates non-stoichiometric substitution.

lung disease in some patients with pre-existing mild to mod-
erate lung disease. Overwhelming septicaemia and necrotis-
ing pneumonia most commonly due to B. cenocepacia, “the
cepacia syndrome” are well-described events, but are ex-
tremely rare with other potentially pathogenic bacteria such
as P. aeruginosa.

The hallmark of BCC infection in CF is the inflammation
that results from the peculiar biochemical properties of lipo-
polysaccharide, which is able to induce the local release of
pro-inflammatory factors and, in turn, induce host defence
responses and tissue damage. An important component of
the immune response is the production of cationic peptides
that act as antimicrobial molecules by damaging the bacteri-
al membrane through electrostatic interactions.”*'! Lipid A
is recognized as the endotoxin portion of the LPS, and is re-
sponsible for the strong immunostimulatory activity. Recent-
ly, in a very interesting paper, it has been demonstrated that
it is necessary for B. cenocepacia to possess the complete
core oligosaccharide attached to lipid A for it to maintain its
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resistance to antimicrobial peptides, and for in-host surviv-
al.?) In fact, a mutant expressing defective heptosyl trans-
ferase, and therefore unable to carry out the biosynthesis of
the whole LPS was found to be sensitive to mellitine and
polymyxin B. In contrast, a mutant strain that produced a
complete core-oligosaccharide-lipid A skeleton, but lacked
the O-antigen, was not sensitive to cationic peptides. In the
same paper, it has also been shown that the core oligosac-
charide is necessary for the in vivo survival of the bacterium
in a rat model of chronic lung infection.

Despite the wealth of significant biological data on B. cen-
ocepacia, and on an ET-12 wild-type strain in particular,
only partial data regarding the structure of the LPS from
B. cenocepacia were known.”! We have therefore addressed
the structural elucidation of the whole molecule and, on this
ground, some further considerations can be made.

From the chemical point of view, in accordance with all of
the other lipopolysaccharides from the Burkholderia genus
that have been elucidated so far, even in the B. cenocepacia
LOS no negative charges are present in the outer core,
which contains neither uronic acids nor phosphate groups.
The lipid A moiety possesses a carbohydrate backbone that
is characterised by a P—4-f-D-GlcpN-(1—6)-0-D-GlcpN-
(1—P)-Ara4N sequence. The lipid A is further glycosylated
by a Kdo unit that is in turn substituted at O-5 with a Ko
residue. The latter bears a second Ara4N residue. The
AradN-Ko-Kdo trisaccharide sequence, previously reported
in other Burkholderia species,''¥ seems unique and dis-
tinctive of Burkholderia LPSs. The Ko monosaccharide is
also limited to a few bacterial LPS molecules, like Acineto-
bacter,*" Yersinia®™' and Serratia,*® in particular, but only in
Acinetobacter LPS is Ko directly linked to the lipid A back-
bone and is not a substituent of the first Kdo residue.* The
lipid A inner core region is a key element in the provirulent
strategy of B. cenocepacia (and of BCC species in general),
which consists of covalent modifications, such as the addi-
tion of Ara4N, in order to reduce the surface net charge,
and in turn to reduce the ionic attraction for cationic antimi-
crobial peptides. However, it is clear that this is not the only
mechanism by which B. cenocepacia eludes the immune re-
sponse. In fact, the presence of the complete core oligosac-
charide is mandatory in the LOS for the survival of the bac-
terium.® Moreover, the presence in the outer core region
of a non-stoichiometric amount of a Rha-QuiNAc disacchar-
ide suggests that the disaccharide is preassembled before
transfer to the terminal position. The role of this disacchar-
ide is unknown, although it may be speculated that it could
function as a cap, precluding the linkage of the O-chain to
the core oligosaccharide. Interestingly, this disaccharide
moiety is held by a heptose residue that is infrequently
found as a component of the outer core of LOSs.[*l Its pres-
ence implicates the existence of an additional, different hep-
tosyl transferase.

From a biochemical point of view, the greater clinical and
pro-inflammatory impact of B. cenocepacia as compared to
other BCC species can be partially ascribed to the structural
differences on the lipid A inner core region, for example,
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the amount of Ara4N residues and a slightly different acyla-
tion pattern. From a comparion of previously published data
on lipid A from B. cepacia genomovar 1,'®1 B. multivorans
and B. cenocepacia, it appears that there are many lipid A
species that are shared between genomovars, which suggests
a common lipid A biosynthesis pathways. The predominant
production of a specific lipid A moiety by a genomovar
could be induced by environmental stimuli, or it could re-
flect the preferential lipid A biosynthesis, which may confer
an evolutionary advantage for the organism. Most of the
strains studied so far express a variety of lipid A species. In
general, the more highly acylated lipid A is, the greater the
immune system activation and cytokine induction that is
evoked. B. cenocepacia expresses high levels of pentaacyl
lipid A, the highest possible acylation pattern for its LPS,
and this may contribute to the significant immunological re-
sponse observed in this study. Importantly, amongst all of
the LPS/LOS that were isolated from ET-12 clones and
tested in our tissue culture system, there appeared to be a
variety of biological activity with LMG 12614 and
LMG 16656, which elicited more TNF-o than LMG 18863
(also known as strain K56-2). This could explain in part why
there can be variable outcomes between patients who are
apparently infected with the same clonal strain. Whilst there
is a temptation to assume that all ET-12 clones behave simi-
larly in experimental models, our data suggests that there is
diversity even amongst a panel of closely related ET-12
clones. There was variable cytokine induction capacity in
the ET-12 clones tested; LMG 12614 and LMG 16656
(J2315) were potent TNF-o inducers, whilst LMG 18863
(K56-2) and the B. multivorans strain LMG 14273 were rel-
atively poor inducers. Moreover, prior data reported that
strain LMG 16656 induced a ninefold higher release of cyto-
kines than Pseudomonas aeruginosa LPS.”")

The structure of this particular ET-12 clone has been of
great importance given the recent completion of the se-
quencing project at the Sanger Centre using this specific
strain. In fact, it has long been recognized that there is sub-
clonal variation between ET-12 clones, and any attempts at
genetic manipulation of the lipid A biosynthesis and viru-
lence down-regulation will depend upon knowing both the
structure and the genetic basis of such biosynthesis path-
ways. Furthermore, the knowledge of such virulence factors
is crucial for the comprehension of the molecular mecha-
nisms of BCC infections, that is, to what extent LPS is an
important factor for initiating or manipulating immune acti-
vation in the early phase of infection.

We believe that this is a first step toward the design of an-
timicrobial compounds and for the development of thera-
peutic strategies against the inflammatory cascade.

Experimental Section

Bacterial growth and LPS extraction: Strain LMG 16656 (B. cenocepacia
ET-12 type strain), LMG 12614, LMG 18863 (additional ET-12 clones)
and LMG 14273 B. multivorans strain were obtained from the Belgium
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Coordinate Collection for Microbes and grown as described.” The LPS
extraction was carried according to a published method.”® The LPS frac-
tions were analyzed by SDS-polyacrylamide gel electrophoresis on 16 %
gels, which were stained with silver nitrate.!'*

Cell stimulation assays: Human myelomonocytic U937 cells were pre-
pared as described.”!

Detection of cytokine induction: This assay was carried out by using
ELISA on the supernatants of stimulated U937 cells. The assays for
Tumour Necrosis Factor-alpha (TNF-o, Pharmingen, UK) were per-
formed by using paired antibodies as described previously.”) Statistical
testing was undertaken using a T-test.

Isolation of oligosaccharide OS1, OS2 and OS3: The lipid A and the core
oligosaccharide (OS1 (1 mg) and OS2 (0.5mg)) were isolated as de-
scribed previously."!! An aliquot of LOS (5mg) was de-O-acylated as
previously described (0S3 3.5 mg). !

General and analytical methods: The determination of sugars residues, of
their absolute configuration and linkage analysis, of total fatty acids con-
tent and of their absolute configuration were all carried out as previously
described .34

NMR spectroscopy: For structural assignments of OS1 and OS2, 1D and
2D '"H NMR spectra were recorded in 0.5 mL of D,O at 300 K, pD 7 (un-
corrected value) on Bruker 600 DRX equipped with a cryo probe. For
structural assignments of OS3, 1D and 2D '"H NMR spectra were record-
ed in a solution of 1% deuterated SDS (sodium dodecyl sulphate) with
5 uL of 32% NH,OH at 298 K, pD 9.5 (uncorrected value). Spectra were
calibrated with internal acetone (0y=2.225ppm, Oc=31.45ppm).
3P NMR experiments were carried out using a Bruker DRX-400 spec-
trometer, aqueous 85% phosphoric acid was used as an external refer-
ence (0=0.00 ppm). Rotating frame Overhauser enhancement spectros-
copy (ROESY), total correlation spectroscopy (TOCSY), double quan-
tum-filtered phase-sensitive correlation spectroscopy (DQF-COSY), het-
eronuclear single quantum coherence (HSQC) and heteronuclear multi-
ple bond correlation (HMBC) experiments were performed and
processed as described.” Coupling constants were determined on a first-
order basis from DQF-COSY.?" Experiments were carried out in the
phase-sensitive mode according to the method of States et al.”’!

MALDI TOF mass spectrometry: MALDI-TOF mass spectra were re-
corded in the negative and positive polarity in linear-mode on a Persep-
tive (Framingham, MA, USA) Voyager STR equipped with delayed ex-
traction technology. Ions formed by a pulsed UV laser beam (nitrogen
laser, A=337 nm) were accelerated by 24 kV. The mass spectra reported
are the result of 256 laser shots. The resolution was about 1500.

0S, LOS and lipid A sample preparation: The oligosaccharide mixture
was analyzed as described.®™ Recrystallization from methanol was per-
formed as reported.”” The R-type LPS was prepared as recently report-
ed.™! The MALDI preparation of lipid A samples was performed as de-
scribed.*!
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