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Abstract
O-Polysaccharides (OPS) were isolated from purified Burkholderia pseudomallei and
Burkholderia mallei lipopolysaccharides by mild-acid hydrolysis and gel-permeation
chromatography. 1-D and 2-D 1H and 13C NMR spectroscopy experiments revealed that the OPS
antigens were unbranched heteropolymers with the following structures:

Collectively, our results demonstrate that the predominant OPS antigens expressed by B.
pseudomallei and B. mallei isolates are structurally more complex than previously described and
provide evidence that different capping residues are used by these closely related pathogens to
terminate chain elongation. Additionally, they confirm that Burkholderia thailandensis and B.
pseudomallei express OPS antigens that are essentially identical to one another.

Keywords
Burkholderia pseudomallei; Burkholderia mallei; Burkholderia thailandensis;
Lipopolysaccharide; O-polysaccharide; Structure

Burkholderia pseudomallei and Burkholderia mallei, the etiologic agents of melioidosis and
glanders, respectively, are both CDC Tier 1 select agents.1–3 These facultative intracellular,
Gram-negative pathogens are highly infectious via the respiratory route, and can cause
severe diseases in humans and animals.4–7 Diagnosis and treatment of these diseases can be
challenging, and in the absence of optimal chemotherapeutic intervention, acute human
disease is frequently fatal.8–10 Melioidosis and glanders are emerging/re-emerging
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infectious diseases for which no licensed vaccines currently exist.11–13 Due to the potential
misuse of B. pseudomallei and B. mallei as agents of biological warfare and terrorism, as
well as their impact on public health in endemic regions, there is significant interest in
developing vaccines for immunization against melioidosis and glanders.12,14,15 Because of
this, one of the long term objectives of our research is to identify and characterize protective
antigens expressed by these pathogens and use them to develop efficacious vaccine
candidates.

Several studies have demonstrated that B. pseudomallei and B. mallei express a number of
important virulence determinants that are required for survival in animal models of
infection. Included among these are the Bsa type III secretion system, the VirAG two-
component regulatory system, the cluster 1 type VI secretion system, and a capsular
polysaccharide.16–21 Importantly, studies in our lab and others have also shown that the O-
polysaccharide (OPS) components of B. pseudomallei and B. mallei lipopolysaccha-rides
(LPS) are both virulence determinants and protective antigens.22–26 Consequently, these
carbohydrate moieties have become important components of the various glycoconjugate
vaccines that we are currently developing for immunization against melioidosis and
glanders.

Unlike other Gram-negative pathogens, B. pseudomallei and B. mallei isolates appear to
express only a limited repertoire of structurally diverse OPS antigens.27–29 At present, the
significance of these observations with regard to virulence and evasion of host immune
responses remains to be defined. Nevertheless, this phenomenon certainly bodes well from a
vaccine development standpoint. Previous studies have shown that the predominant OPS
serotype expressed by B. pseudomallei is an unbranched polymer consisting of disaccharide
repeats having the structure →3)-β-D-glucopyranose-(1→3)-6-deoxy-α-L-talopyranose-(1→
in which the 6-deoxy-α-L-talopyranose (6dTal) residues possess 2-O-acetyl (2-O-Ac) or 2-
O-methyl (2-O-Me) and 4-O-acetyl (4-O-Ac) modifications.30 Interestingly, studies have
also suggested that B. mallei expresses an OPS antigen that is structurally similar to that
expressed by B. pseudomallei except that the 6dTal residues lack acetyl modifications at the
O-4 position.31

Recently, we demonstrated that the predominant OPS serotype expressed by the closely
related, but non-pathogenic species, Burkholderia thailandensis, was structurally more
complex than initially reported.32,33 Based upon these findings, we initiated the present
study to reinvestigate the structural characteristics of the predominant OPS species
expressed by B. pseudomallei and B. mallei.

Results
The B. pseudomallei RR2808 OPS sample examined in this study is essentially identical to
the B. thailandensis E264 OPS antigen recently characterized by our laboratories.33 Similar
to previous reports, the RR2808 OPS consists of a →3)-β-D-glucopyranose-(1→3)-6-deoxy-
α-L-talopyranose-(1→ disaccharide repeat. Earlier investigations by Perry et al. indicated
that the 6dTal residue can be 2-O-acetylated (~67%) or 2-O-methylated and 4-O-acetylated
(~33%).30 The 1-D and 2-D spectra obtained in the present study confirmed these two
residues, but indicated the presence of additional substitution patterns that have not been
previously detected in B. pseudomallei OPS (Figs. 1–3 and Table 1). Thus, O-2 can be
unsubstituted or substituted with acetyl or methyl, O-3 can be glycosylated with β-glucose
(in all the internal residues) or methylated (in the non-reducing end residue), and O-4 can be
unsubstituted or acetylated. We found all possible combinations of these substitutions,
except residues with two methyl groups and residues that were unsubstituted on O-2 and
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acetylated on O-4 (Table 1). Table 2 details the exact percentages of the differently
substituted 6dTal residues.

The B. mallei BM2308 OPS sample examined in this study gave simpler spectra compared
to the RR2808 OPS. This was due to lack of any 4-O-acetylated 6dTal residues as intimated
in the 1-D proton spectrum by the absence of signals at 5.33, 4.45, and 1.09 ppm (H-4, H-5,
and H-6 of 2-O-Me-4-O-Ac-6dTal), and 1.13 ppm (H-6 of 2,4-di-O-Ac-6dTal and 3-O-
Me-2,4-di-O-Ac-6dTal).34 Analysis of the 2-D COSY, TOCSY, and HSQC spectra
confirmed the absence of these residues and revealed the 3-O-methylated non-reducing end
residue without a 4-O-acetyl group (Figs. 1–3 and Table 1).

The 6dTal residues F, G, and H have not previously been described in the Burkholderia
literature (Tables 1 and 2). F is 2-O-methylated and like A is characterized by an upfield H-2
and a downfield C-2, but in contrast to A its H-4 is not shifted down-field, indicating the
lack of a 4-O-acetyl substituent. G is a non-reducing end terminal residue with an O-methyl
group in its 3-position, analogous to E, but lacking 4-O-acetylation, as evidenced by its
upfield H-4 signal. G was detected in B. mallei OPS, but not in B. pseudomallei OPS.
Residue H has the same constitution and nearly identical carbon chemical shifts as Residue
C, but showed upfield displacement of its H-1 and H-2 relative to C. The 1-bond C-H
coupling constant of its anomeric position is 173 Hz, clearly identifying it as having α-
configuration. Methylation in the anomeric position could account for an upfield shift of H-1
and H-2, but there is no indication from HMBC or NOESY that this residue is a methyl
glycoside. Conversely, NOESY and HMBC show correlations of H-H-1 to a signal at
3.61/84.8 ppm, which corresponds to H/C-3 of β-Glc (I, J, and K). However, this signal
resonates at the same position as H/C-3 of L, a 3-β-GlcNAc residue.

We used the CASPER website (URL: http://www.casper.organ.su.se/casper/) to investigate
if it is plausible that the upfield shifts of H-1 and H-2 of H are due to its being linked to β-
GlcNAc instead of β-Glc.35,36 Since 6dTal is not included in the CASPER database, we
used α-L-Rhap-(1→3)-β-D-Glcp-(1→3)-β-L-Rhap-(1→3)-β-D-Glcp (Oligosaccharide 1) and
α-L-Rhap-(1→3)-β-D-Glcp-(1→3)-α-L-Rhap-(1→3)-β-D-GlcpNAc (Oligosaccharide 2) as
model structures to determine if substitution of GlcNAc for Glc would cause upfield
displacement of H-1 and H-2 of the penultimate residue (bolded). The calculated chemical
shifts of these protons in Oligosaccharide 1 were 5.11 and 4.30 ppm, respectively, compared
to 4.90 (chemical shift difference ΔδH-1 = 0.21 ppm) and 4.06 ppm (ΔδH-2 = 0.24 ppm) in
Oligosaccharide 2. These chemical shift differences are in close agreement to those between
Residues C and H (ΔδH-1 = 0.30 and ΔδH-2 = 0.22 ppm). We therefore propose that Residue
H is 1-3-linked to β-GlcNAc (Residue L). This could mean that H represents the reducing
end residue of the OPS, which is linked to the core oligosaccharide through a β-GlcNAc
residue or that some of the O-chain Glc residues are replaced by GlcNAc. The intensity of H
is only about 20% of that of the 3-O-methylated residues from the non-reducing end (E or
G; Table 2). The low abundance, however, seems to dispute the option of H as the reducing
end residue, which would be expected to have the same intensity as the non-reducing end
residue.

In this study we identified several core residues associated with the RR2808 and BM2308
samples (Table 1). However, the presence of the O-chain residues prevented us from
performing a detailed characterization of the core structures. To do so will require the
isolation and NMR analysis of rough mutants, separation of low-molecular weight OPS
from the strains used here, or possibly enzymatic degradation of the OPS. What we were
able to determine though was that both the B. pseudomallei and B. mallei samples featured a
similar or equal core oligosaccharide, which appears to be different from that expressed by
B. thailandensis.33 Studies are ongoing to further investigate the importance of Residue H as
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well as elucidate the structures of the core moieties expressed by B. pseudomallei, B. mallei,
and B. thailandensis.

In the present study, we have shown that B. pseudomallei RR2808 (1026b derivative) and B.
mallei BM2308 (ATCC 23344 derivative) express unbranched OPS antigens with the
following structures:

Our results demonstrate that the predominant OPS antigens expressed by B. pseudomallei
and B. mallei isolates are structurally more complex than previously described as well as
confirm that B. thailandensis and B. pseudomallei express essentially identical OPS
antigens.30,31,33 Interestingly, they also indicate that these three bacterial species utilize 3-
O-methylated 6dTal residues to terminate OPS chain elongation. Unlike B. pseudomallei
and B. thailandensis, however, it appears that the capping residue used by B. mallei lacks
acetyl modifications at the O-4 position.33 Collectively, these findings help to explain the
ability of researchers to generate B. pseudomallei and B. thailandensis or B. mallei OPS-
specific monoclonal antibodies as well as the presence of B. mallei-specific bacteriophages
recognizing smooth but not rough LPS strains.27,28,37 Based upon the results of this study, it
will be interesting to determine if subunit vaccines consisting of one of these OPS species
can provide cross-protection against both melioidosis and glanders or if a combination of
these antigens will be required given their significant structural differences.

Experimental
Bacterial strains, growth conditions and reagents

B. pseudomallei strains were grown at 37 °C on LB agar or in LB broth supplemented with
thiamine (5 μg/mL) and adenine (100 μg/mL). B. mallei strains were grown at 37 °C on
LB4G agar or in LB4G broth. B. pseudomallei RR2808 (CPS deficient derivative of the
select agent excluded strain Bp82, which is ΔpurM derivative of 1026b) and B. mallei
BM2308 (CPS deficient derivative of ATCC 23344) were constructed via sacB-based allelic
exchange mutagenesis essentially as previously described.3,16,38,39 Both of the mutant
strains harbor markerless, in-frame deletions in their wcbB genes.17,18 Bacterial stocks were
maintained at –80 °C as 20% glycerol suspensions. All studies utilizing viable B. mallei
were conducted in a CDC select agent certified biosafety level three containment facility.

LPS and OPS purification
Broth in 2 L baffled Erlenmeyer flasks was inoculated with B. pseudomallei RR2808 or B.
mallei BM2308 and incubated overnight at 37 °C with vigorous shaking. Cell pellets were
obtained by centrifugation and extracted using a modified hot aqueous-phenol procedure.
Purified LPS and OPS antigens were then obtained essentially as previously described.30,34

NMR spectroscopy
The samples were deuterium exchanged by dissolving in D2O and lyophilizing and then
were dissolved in 0.27 mL D2O containing 1 μL acetone. 1-D Proton and 2-D gradient-
enhanced COSY (gCOSY), TOCSY, NOESY, gHSQC, and gHMBC spectra were obtained
on a Varian Inova-600 MHz spectrometer at 50 °C using standard Varian pulse sequences.
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The spectral width was 3.17 kHz in the 1H dimension and 18.1 kHz in the 13C dimension.
The number of scans and increments was 4 and 400 for gCOSY, 8 and 200 for TOCSY and
NOESY, 64 and 128 for gHSQC, and 128 and 200 for gHMBC. Acquisition times were 2 s
for 1-D 1H, 137 ms for gCOSY, TOCSY, and NOESY, 150 ms for gHSQC, and 128 ms for
gHMBC. Mixing times for TOCSY and NOESY experiments were 120 and 300 ms,
respectively. Proton chemical shifts were measured relative to internal acetone (δH = 2.218
ppm, δC = 33.0 ppm).40
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Figure 1.
Overlaid 1-D proton spectra of B. pseudomallei RR2808 (gray) and B. mallei BM2308
(black) OPS. The red arrows emphasize peaks present only in B. pseudomallei OPS (all of
which belong to the 4-O-acetylated 6dTal residues).
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Figure 2.
Overlaid partial gCOSY spectra of B. pseudomallei RR2808 (gray) and B. mallei BM2308
(black) OPS. Red labels indicate peaks present only in B. pseudomallei OPS while blue
labels indicate peaks present only in B. mallei OPS (refer to Table 1 for the labeling).
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Figure 3.
Overlaid partial gHSQC spectra of B. pseudomallei RR2808 (gray) and B. mallei BM2308
(black) OPS. Red labels indicate peaks present only in B. pseudomallei OPS; blue labels
indicate peaks present only in B. mallei OPS (refer to Table 1 for the labeling).
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Table 1

Chemical shift assignments of B. pseudomallei and B. mallei OPS

Residue Chemical shift (ppm)
NOE HMBC

1 2 3 4 5 6

A →3)-2-O-Me-4-O-Ac- α-L-6dTalp-(1→ 5.40 3.71 4.33 5.32 4.44 1.09
Glc-3

a

100.5 80.4 74.3 72.4 68.2 17.8
Glc-3

a

B →3)-α-L-6dTalp-(1→ 5.27 4.12 4.08 3.93 4.31 1.24
Glc-3

a

103.8 72.2 76.4 72.6 70.2 18.0
Glc-3

a

C →3)-2-O-Ac-a-L-6dTalp-(1 → 5.23 5.23 4.25 3.95 4.36 1.24
Glc-3

a

101.2 72.9 75.7 71.2 69.8 18.0
Glc-3

a

D →3)-2,4-di-O-Ac-α-L-6dTalp-(1 → 5.23 5.23 4.46 5.35 4.52 1.13
Glc-3

a

101.2 71.9 73.8 72.4 68.4 17.6
Glc-3

a

E 3-O-Me-2,4-di-O-Ac-α-L-6dTalp-(1→ 5.27 5.27 3.96 5.32 4.52 1.13
Glc-3

a

101.2 70.2 75.8 72.2 68.4 17.6
Glc-3

a

F →3)-2-O-Me-α-L-6dTalp-(1 → 5.40 3.80 4.13 3.85 4.29 1.22
Glc-3

a

100.5 81.3 76.6 72.2 70.4 18.1
Glc-3

a

G 3-O-Me-2-O-Ac-α-L-6dTalp-(1 → 5.26 5.25 3.78 3.94 ND ND
Glc-3

a

101.1 70.8 76.4 70.3 ND ND
Glc-3

a

H →3)-2-O-Ac-α-L-6dTalp-(1 → 4.93 5.01 4.17 3.93 4.36 1.24 L-3

101.8 73.1 75.9 71.2 69.8 18.0 L-3

I →3)-β-D-Glcp-(1→ A 4.59 3.40 3.62 3.46 3.43 3.85/3.73 A-3

103.3 76.2 84.8 70.5 78.5 63.3 A-3

J →3)-β-D-Glcp-(1→ B 4.65 3.50 3.62 3.46 3.43 3.85/3.73 B-3

103.8 75.9 84.8 70.7 78.5 63.3 B-3

K →3)-β-D-Glcp-(1→ C 4.61 3.46 3.61 3.48 3.45 3.85/3.73 C-3

104.3 76.2 84.6 70.5 78.5 63.3 C-3

L →3)-β-D-GlcpNAc 4.67 3.79 3.61 3.45 3.42 3.85/3.79 M-3

104.3 58.1 84.8 70.5 78.5 63.3 M-3

M →3)-2-O-Ac-α-L-Rhap 4.86 5.07 3.93 3.53 4.06 1.24

101.0 74.5 81.1 73.6 71.5 19.0

N →3)-β-D-QuipNAc 4.59 3.84 3.54 3.27 3.49 1.32

103.8 58.2 84.6 76.4 74.7 19.4

O α-D-Galp 5.44 3.59 3.85 4.08 ND ND S-3

100.1 70.7 71.2 71.6 ND ND

P Hepp 5.05 3.97 3.86 3.86 3.75 ND

100.4 72.8 74.4 68.6 74.9 ND

Q α-D-Glcp 4.98 3.57 3.73 3.43 3.86 ND

100.8 74.5 75.9 72.4 ND ND
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Residue Chemical shift (ppm)
NOE HMBC

1 2 3 4 5 6

R Hepp 4.92 3.98 3.64 3.86 ND ND

103.5 72.6 74.3 68.6 ND ND

S →3)-α-Rhap 5.21 4.25 4.00 3.73 3.98 1.23

101.2 72.3 82.4 75.0 68.7 18.5

a
The glucose signal comprises several spin systems, each slightly different according to the neighboring residues. The H-1 set of signals has NOE

and HMB correlations to all of the H-3/C-3 signals of the various 6dTal residues; ND-not determined.
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Table 2

Intensity comparisons of the 6dTal anomeric signals in the HSQC spectra of B. pseudomallei, B. mallei, and B.
thailandensis OPS as a percent of the sum of all 6dTal anomerics

Residue B. pseudomallei OPS B. mallei OPS B. thailandensis OPS

A →3)-2-O-Me-4-O-Ac-α-L-6dTalp-(1→ 14.7 ND 23.0

B →3)-α-L-6dTalp-(1→ 8.8 11.6 7.7

C →3)-2-O-Ac-α-L-6dTalp-(1 → 43.0 59.1 33.3

D →3)-2,4-di-O-Ac-α-L-6dTalp-(1 → 5.4 ND 10.1

E 3-O-Me-2,4-di-O-Ac-α-L-6dTalp-(1→ 11.3 ND 18.7

F →3)-2-O-Me-α-L-6dTalp-(1 → 14.6 16.4 3.5

G 3-O-Me-2-O-Ac-α-L-6dTalp-(1 → ND 10.2 ND

H →3)-2-O-Ac-α-L-6dTalp-(1 → 2.2 2.7 3.7

Total 100 100 100

ND-not detected.
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