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Abstract
O-polysaccharide (OPS) was isolated from purified Burkholderia thailandensis E264
lipopolysaccharide by mild-acid hydrolysis and gel-permeation chromatography. Glycosyl
composition and methylation analyses along with 1D and 2D 1H and 13C NMR spectroscopy
experiments revealed that the OPS antigen was an unbranched heteropolymer with the following
structure:

Collectively, these results suggest that B. thailandensis OPS is structurally more complex than B.
pseudomallei OPS and provide evidence of the signal used by B. thailandensis to terminate chain
elongation.
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Burkholderia thailandensis is a Gram-negative, environmental saprophyte that can be readily
isolated from moist soils and stagnant waters throughout Southeast Asia and northern
Australia.1–3 Prior to its identification and classification during the late 1990s, B.
thailandensis was often mistaken for B. pseudomallei (etiologic agent of melioidosis) due to
similarities between their biochemical, morphological and antigenic profiles.1,4,5 Recent
studies, however, have now identified a number of important genotypic and phenotypic
traits that enable these organisms to be easily differentiated from one another.6–9 Important
amongst these are the ability of B. thailandensis to assimilate L-arabinose and the inability
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to synthesize a →3)-2-O-acetyl-6-deoxy-β-D-manno-heptopyranose-(1→ capsule as well as
the relative avirulence of the organism towards humans and animals.2,10–13 Curiously, B.
thailandensis has been shown to produce several homologues of known virulence factors
expressed by B. pseudomallei. Some of these include lipopolysaccharide (LPS), virulence-
associated type III and type VI secretion systems as well as complex quorum sensing
systems.14–18 In addition, B. thailandensis is capable of surviving and replicating within a
number of eukaryotic cell lines, polymerizing host-cell actin to facilitate intra- and
intercellular spread as well as stimulating multinucleated giant cell formation.16,19–23

Because of these attributes, B. thailandensis is considered to represent a tractable model
system for studying specific aspects associated with the pathogenesis of
melioidosis.14,16,18,24

Lipopolysaccharides, commonly referred to as endotoxins, are a major component of Gram-
negative cell envelopes.25 Bacterial strains expressing a ‘smooth’ phenotype synthesize LPS
antigens that are composed of three covalently linked domains: a lipid A moiety, a core
region and an O-polysaccharide (OPS).26 Previous studies by Perry et al 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 ~33% of the 6-deoxy-α-L-talopyranose (6dTalp)
residues possess 2-O-methyl (2-O-Me) and 4-O-acetyl (4-O-Ac) substitutions while the
remainder of the 6dTalp residues bear only 2-O-acetyl (2-O-Ac) modifications.27

Additionally, studies in our lab and others have demonstrated that B. pseudomallei OPS is
both a virulence factor and a protective antigen.28–32 As a result, this carbohydrate moiety
has become an important component of the various glycoconjugate vaccines that we are
developing for immunization against melioidosis. Recently, studies have suggested that the
predominant OPS serotype expressed by B. thailandensis is structurally similar to that
expressed by B. pseudomallei.4,14,33,34 Because of this, we are interested in determining
whether or not B. thailandensis OPS might serve as a safe and cost-effective source of OPS
antigen for melioidosis vaccine development. To investigate this possibility, we describe for
the first time a detailed structural analysis of the OPS expressed by B. thailandensis E264.

Glycosyl composition analysis of the purified B. thailandensis E264 OPS by GC-MS of the
TMS-methyl glycosides detected the presence of glucose (Glc) and 6-deoxytalose (6dTal) as
the major constituents in a 0.8:1 ratio, along with minor, non-stoichiometric amounts of
methyl 6dTal, rhamnose (Rha), quinovosamine (QuiN), glucosamine (GlcN), heptose (Hep)
and a trace of galactose (Gal). The methylation analysis showed 3-linked Glcp and 6dTalp
as major linkages, but also detected several other minor linkages including terminal 6dTalp,
Glcp, Galp and Hepp along with 3-linked N-acetylglucosamine (GlcpNAc), N-
acetylquinovosamine (QuipNAc) and Rhap, as well as 7-linked and 3,7-linked Hepp. GC-
MS of the TMS-derivatized 2-butylglycosides showed the absolute configuration of Glc and
GlcNAc to be D and of Rha to be L, but standards of 6dTal and QuiNAc were not available.
Nevertheless, the absolute configurations of these two sugars could be determined by NMR
(see below). We did not determine the stereochemistry of the Hep residue as it likely was a
part of the inner core oligosaccharide, which was not the focus of this study.

It has been previously shown that B. thailandensis OPS possesses the same basic repeating
unit structure as that of B. pseudomallei.14,27 The considerable complexity of the 1D proton
NMR spectrum of the native B. thailandensis E264 OPS sample analyzed in this study,
however, suggested that the antigen might have additional structural features that were not
detected in previous studies (Figure 1B).14 To reduce spectral complexity and to aid the
interpretation of the spectra of the native sample, we also acquired NMR of de-O-acetylated
OPS (Figure 1A). We analyzed the COSY, TOCSY, and HSQC spectra of the de-O-
acetylated OPS (data not shown) to identify each of the monosaccharide spin systems by
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their proton and carbon chemical shifts and determined the positions involving glycosidic
linkage based on the downfield displacement of their carbon chemical shifts (glycosylation
shifts; Table 1).35 These analyses identified 3-linked α-6dTal and 3-linked β-Glc, as well as
3-linked 2-O-Me-6dTal as the main constituents of the polysaccharide, which was in
agreement with previous results.14 However, we also detected several other, minor spin
systems that were not discovered previously, including 3-linked Rha, 3-linked QuiNAc, and
3-linked GlcNAc. A 3-linked 2-O-Me-6dTal residue that was still acetylated on O-4 was
also detected in the de-O-acetylated sample.

NOESY and HMBC of de-O-acetylated E264 OPS (data not shown) connected the anomeric
protons of all the 6dTal residues with the 3-position of Glc, confirming that the E264 OPS
consisted mainly of a disaccharide repeating unit comprised of →3)-α-L-6dTalp-(1→3)-β-
D-Glcp-(1→. About one third of the 6dTal residues were methylated on O-2, the same
proportion as was reported for the OPS of B. pseudomallei.27 Under the de-O-acetylation
conditions used, one of the acetyl groups was not completely removed, namely the one in
the 4-position of 2-O-Me-6dTalp. We were able to differentiate the Glc residues (F, G, and
H in Table 1) glycosylating the three main 6dTal forms: 2-O-methylated (A), unsubstituted
(B), and 2-O-methylated and 4-O-acetylated (C), respectively. However, the H/C-3 signals
of the various Glc residues were too similar to determine their respective glycosylating
sugars. NOESY demonstrated and HMBC confirmed that 3-α-Rha was glycosylated on O-3
with 3-β-GlcNAc, but we could not ascertain whether or how this disaccharide sequence
was connected to the main polysaccharide. Likewise, the NMR analysis of the de-O-
acetylated sample revealed the atypical monosaccharide, 3-β-QuipNAc, but did not show
how this moiety was connected to the polysaccharide.

The absolute configuration of the residues for which standards were not available were
determined by measuring their glycosylation shifts relative to the unsubstituted
monosaccharides. The 6dTal residue showed a large α-effect of +7.5 ppm and a large β-
effect of −3.2 ppm, and similar effects had also been observed in B. pseudomallei OPS
which comprised L-6dTal.27 Therefore, we conclude that 6dTal in B. thailandensis OPS also
has the L-configuration. The QuiNAc residue also showed a large β-effect of −1.8 ppm,
which is consistent with it having the opposite absolute configuration of the 6dTal, which it
glycosylates, indicating that it has the D-configuration.35

Having established the main sequence of the polysaccharide, we went on to determine the
positions of O-acetylation using 2D NMR analysis of the native sample. O-acetylation is
associated with a considerable downfield displacement of chemical shifts of the protons in
the acetylated positions, but does not greatly affect the corresponding carbon chemical
shifts. Tracing the connectivities in the COSY (Figure 2, black spectrum) and TOCSY (data
not shown) spectra, we found five different O-substitution patterns among the 6dTal
monosaccharides (Table 2). Three of these (A, B, and C in Table 2) had been characterized
before as part of B. pseudomallei OPS.27,36 According to the HSQC spectrum (Figure 3,
black spectrum), the non-acetylated species (Residue B) was characterized by an anomeric
carbon that resonated further downfield than the 6dTal species with 2-O-substitution.
Acetylation in the 2-position (Residue C) was associated with a >1 ppm downfield
displacement of H-2 and >2 ppm upfield displacement of C-1, and 2-O-methylation
(Residue A) led to a ~8 ppm downfield displacement of C-2, a ~0.4 ppm upfield
displacement of H-2, a >0.1 ppm downfield displacement of H-1, and a >3 ppm upfield
displacement of C-1. The fourth species (Residue D) was 3-linked 2,4-di-O-Ac-6dTal,
which had not been detected in previous studies.14,27 The additional acetyl group in the 4-
position led to an increase of the chemical shifts of H-4 by 1.4 ppm and of H-3 by 0.2 ppm,
relative to the 2-O-acetylated residue. The C-3 chemical shift moved upfield by about 2
ppm. The chemical shifts of H-5 and C-5 were similarly affected by 4-O-acetylation. The
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fifth species (Residue E) was similar to Residue D, except for H-3, which was 0.5 ppm
further upfield, and C-2, which was 1.7 ppm further upfield. These significant differences
are explained by 3-O-methyl substitution instead of glycosylation in the 3-position. The
methylation in this position was confirmed by HMBC (Figure 3, gray spectrum) between the
methyl protons and C-3 and the methyl carbon and H-3 of Residue E. The presence of this
residue, together with the absence of any unsubstituted sugars, suggests that the OPS chains
are terminated at the non-reducing end by a 3-O-methylated 6dTal residue. Integration of the
anomeric signals in the HSQC spectrum gave approximate percentages of each 6dTal
residue relative to the sum of all 6dTal residues. Thus, the majority of 6dTal was acetylated
only on O-2 (40 %), followed by 2-O-Me-4-O-Ac-6dTal (28 %), 3-O-Me-2,4-di-O-
Ac-6dTal (14 %) and 2,4-di-O-Ac-6dTal (9 %). Only 9 % of 6dTal did not carry any non-
carbohydrate substituents. As in the de-O-acetylated sample, three different Glc residues (F,
G, and H in Table 2) could be distinguished by NOESY (Figure 2, gray spectrum) and
HMBC (Figure 3, gray spectrum), according to which form of 6dTal was linked to its O-1.

The minor residues Rha, QuiNAc, and GlcNAc have also not been previously detected in
OPS samples from B. pseudomallei and B. thailandensis. The Rha residue was acetylated on
O-2, but no other acetylations were observed in these three residues. Like in the de-O-
acetylated polysaccharide, NOESY (Figure 2, gray spectrum) and HMBC (Figure 3, gray
spectrum) showed that Rha was glycosylated on O-3 by 3-linked β-GlcNAc, but the
connection of this disaccharide sequence, as well as of the QuiNAc residue to the
polysaccharide could not be established by NMR. It is possible that the three minor residues
are from a different polysaccharide that co-elutes with the major OPS or that they are
substituted for a small portion of the major monosaccharides in the OPS, β-QuiNAc and β-
GlcNAc for β-Glc and α-Rha for 6dTal. Alternatively, these residues may represent
components of the core. Studies to confirm whether or not these residues constitute part of
the OPS are ongoing in our laboratories.

In the present study, we have shown that B. thailandensis E264 expresses an unbranched
OPS antigen with the following structure:

This is consistent with previous findings that B. thailandensis produces an OPS antigen that
is structurally similar to the predominant OPS serotype expressed by B.
pseudomallei. 14,27,33,36 Interestingly, however, identification of the 3-O-Me-2,4-di-O-
Ac-6dTal and 2,4-di-O-Ac-6dTal residues in this study indicates that B. thailandensis OPS
may be structurally more complex than B. pseudomallei OPS. Further analysis of OPS
antigens from both of these species will likely be required to reconcile this issue.
Additionally, identification of the 3-O-Me-2,4-di-O-Ac-6dTal residues at the non-reducing
termini of the B. thailandensis OPS moieties provides evidence of the signal used to
terminate chain elongation during LPS biosynthesis. 37 Studies are ongoing to further
investigate this observation as well as determine whether or not this unique glycosyl residue
may also be used by other closely related Burkholderia species to terminate OPS chain
elongation. 27,38
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1. Experimental
1.1. Bacterial strains, growth conditions and reagents

B. thailandensis E264 (ATCC 700388; type strain) was grown at 37°C on Luria Bertani-
Lennox (LBL) agar or in LBL broth. Bacterial stocks were maintained at −80°C as 20 %
glycerol suspensions.

1.2 LPS and OPS purification
LBL broth in 2 L baffled Erlenmeyer flasks was inoculated with B. thailandensis E264 and
incubated overnight at 37°C with vigorous shaking. Cell pellets were obtained by
centrifugation and extracted using a modified hot aqueous-phenol procedure.27 Purified LPS
and OPS antigens were then obtained essentially as previously described.33

1.3 Glycosyl composition analysis
Glycosyl composition analysis was performed essentially as previously described.39 Briefly,
the sample (200 μg) was methanolyzed (80°C, 16 h), re-N-acetylated with acetic anhydride/
pyridine and per-O-trimethylsilylated with Tri-Sil® (80°C, 20 min). The resulting TMS-
methyl glycosides were analyzed by GC-MS in electron impact ionization mode.

1.4 Absolute configuration
The dry sample (800 μg) was mixed with 400 μL 2 M TFA and incubated at 121°C in a
sealed glass tube. After 2 h, the mixture was dried down under a stream of dry nitrogen and
lyophilized. After re-N-acetylation with acetic anhydride (100 μL) in methanol/pyridine
(2:1, 300 μL), the sample was dried under nitrogen. The sample was then treated with 200
μL S-(+)-2-butanol and 30 μL acetyl chloride and heated to 80°C for 16 h. Re-N-
acetylation, TMS derivatization, and GC-MS analysis were performed as described above.
D-Glc, L-Rha, D-GlcNAc were derivatized likewise with both S-(+)-2-butanol and R-(−)-2-
butanol to provide standards. The absolute configurations of QuiN and 6dTal were
determined by using the glycosylation shifts observed in HSQC-MR.35

1.5 Methylation analysis
Methylation analysis was performed essentially as previously described.39 Briefly, the
sample (800 μg) was dissolved in 300 μL DMSO and permethylated by three consecutive
additions of 400 μL NaOH base, followed by 100 μL methyl iodide. After quenching with
water and removal of methyl iodide, the permethylated polysaccharide was extracted with
dichloromethane. The permethylated material was hydrolyzed with 2 M TFA (121°C, 2 h)
and reduced with NaBD4 in 1 M NH4OH. After borate removal, the mixture was O-
acetylated, and the resulting PMAAs were analyzed by GC-MS in electron impact ionization
mode. Separation was performed on a 0.1 μm Rtx-2330 capillary column (30 m × 0.25 mm;
Restek) for neutral sugars and a 0.25 μm EC-1 capillary column (30 m × 0.25 mm; Alltech)
for amino sugars.

1.4 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. 1D Proton and 2D 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.
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
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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

Acknowledgments
This research was supported in part by the National Institute of Allergy and Infectious Diseases, National Institutes
of Health (grant R21AI088418), the Department of Energy-funded Center for Plant and Microbial Complex
Carbohydrates (grant DE-FG09-93ER-20097) and lab start-up funds from the University of South Alabama.

References
1. Brett PJ, Deshazer D, Woods DE. Epidemiol Infect. 1997; 118:137–48. [PubMed: 9129590]

2. Brett PJ, DeShazer D, Woods DE. Int J Syst Bacteriol. 1998; 48(Pt 1):317–20. [PubMed: 9542103]

3. Levy A, Merritt AJ, Aravena-Roman M, Hodge MM, Inglis TJ. Am J Trop Med Hyg. 2008;
78:599–604. [PubMed: 18385355]

4. Anuntagool N, Intachote P, Wuthiekanun V, White NJ, Sirisinha S. Clin Diagn Lab Immunol. 1998;
5:225–9. [PubMed: 9521147]

5. Wuthiekanun V, Smith MD, Dance DA, Walsh AL, Pitt TL, White NJ. J Med Microbiol. 1996;
45:408–12. [PubMed: 8958243]

6. Kim HS, Schell MA, Yu Y, Ulrich RL, Sarria SH, Nierman WC, DeShazer D. BMC Genomics.
2005; 6:174. [PubMed: 16336651]

7. Ong C, Ooi CH, Wang D, Chong H, Ng KC, Rodrigues F, Lee MA, Tan P. Genome Res. 2004;
14:2295–307. [PubMed: 15520292]

8. U’Ren JM, Schupp JM, Pearson T, Hornstra H, Friedman CL, Smith KL, Daugherty RR, Rhoton
SD, Leadem B, Georgia S, Cardon M, Huynh LY, DeShazer D, Harvey SP, Robison R, Gal D,
Mayo MJ, Wagner D, Currie BJ, Keim P. BMC Microbiol. 2007; 7:23. [PubMed: 17397553]

9. Wongtrakoongate P, Mongkoldhumrongkul N, Chaijan S, Kamchonwongpaisan S, Tungpradabkul
S. Mol Cell Probes. 2007; 21:81–91. [PubMed: 17030112]

10. Deshazer D. FEMS Microbiol Lett. 2007; 277:64–9. [PubMed: 17986086]

11. DeShazer D, Waag DM, Fritz DL, Woods DE. Microb Pathog. 2001; 30:253–69. [PubMed:
11373120]

12. Reckseidler SL, DeShazer D, Sokol PA, Woods DE. Infect Immun. 2001; 69:34–44. [PubMed:
11119486]

13. Smith MD, Angus BJ, Wuthiekanun V, White NJ. Infect Immun. 1997; 65:4319–21. [PubMed:
9317042]

14. Brett PJ, Burtnick MN, Woods DE. FEMS Microbiol Lett. 2003; 218:323–8. [PubMed: 12586411]

15. Burtnick MN, Brett PJ, Harding SV, Ngugi SA, Ribot WJ, Chantratita N, Scorpio A, Milne TS,
Dean RE, Fritz DL, Peacock SJ, Prior JL, Atkins TP, Deshazer D. Infect Immun. 2011; 79:1512–
1525. [PubMed: 21300775]

16. Haraga A, West TE, Brittnacher MJ, Skerrett SJ, Miller SI. Infect Immun. 2008; 76:5402–11.
[PubMed: 18779342]

17. Rainbow L, Hart CA, Winstanley C. J Med Microbiol. 2002; 51:374–84. [PubMed: 11990489]

18. Ulrich RL, Hines HB, Parthasarathy N, Jeddeloh JA. J Bacteriol. 2004; 186:4350–60. [PubMed:
15205437]

19. Boddey JA, Day CJ, Flegg CP, Ulrich RL, Stephens SR, Beacham IR, Morrison NA, Peak IR. Cell
Microbiol. 2007; 9:514–31. [PubMed: 16987331]

20. Charoensap J, Utaisincharoen P, Engering A, Sirisinha S. BMC Immunol. 2009; 10:20. [PubMed:
19397822]

21. French CT, Toesca IJ, Wu TH, Teslaa T, Beaty SM, Wong W, Liu M, Schroder I, Chiou PY,
Teitell MA, Miller JF. Proc Natl Acad Sci U S A. 2011; 108:12095–100. [PubMed: 21730143]

22. Harley VS, Dance DA, Drasar BS, Tovey G. Microbios. 1998; 96:71–93. [PubMed: 10093229]

Heiss et al. Page 6

Carbohydr Res. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



23. Stevens JM, Ulrich RL, Taylor LA, Wood MW, Deshazer D, Stevens MP, Galyov EE. J Bacteriol.
2005; 187:7857–62. [PubMed: 16267310]

24. Chandler JR, Duerkop BA, Hinz A, West TE, Herman JP, Churchill ME, Skerrett SJ, Greenberg
EP. J Bacteriol. 2009; 191:5901–9. [PubMed: 19648250]

25. Burns MR, Jenkins SA, Wood SJ, Miller K, David SA. J Comb Chem. 2006; 8:32–43. [PubMed:
16398551]

26. Raetz CR, Whitfield C. Annu Rev Biochem. 2002; 71:635–700. [PubMed: 12045108]

27. Perry MB, MacLean LL, Schollaardt T, Bryan LE, Ho M. Infect Immun. 1995; 63:3348–52.
[PubMed: 7543882]

28. Bryan LE, Wong D, Woods DE, Dance DA, Chaowagul W. Can J Infect Dis. 1994; 5:170–178.
[PubMed: 22346496]

29. DeShazer D, Brett PJ, Woods DE. Mol Microbiol. 1998; 30:1081–100. [PubMed: 9988483]

30. Ho M, Schollaardt T, Smith MD, Perry MB, Brett PJ, Chaowagul W, Bryan LE. Infect Immun.
1997; 65:3648–53. [PubMed: 9284132]

31. Nelson M, Prior JL, Lever MS, Jones HE, Atkins TP, Titball RW. J Med Microbiol. 2004;
53:1177–82. [PubMed: 15585494]

32. Zhang S, Feng SH, Li B, Kim HY, Rodriguez J, Tsai S, Lo SC. Clin Vaccine Immunol. 2011;
18:825–34. [PubMed: 21450976]

33. Brett PJ, Burtnick MN, Heiss C, Azadi P, DeShazer D, Woods DE, Gherardini FC. Infect Immun.
2011; 79:961–9. [PubMed: 21115721]

34. Ngugi SA, Ventura VV, Qazi O, Harding SV, Kitto GB, Estes DM, Dell A, Titball RW, Atkins TP,
Brown KA, Hitchen PG, Prior JL. Vaccine. 2010; 28:7551–5. [PubMed: 20837078]

35. Lipkind GM, Shashkov AS, Knirel YA, Vinogradov EV, Kochetkov NK. Carbohydr Res. 1988;
175:59–75. [PubMed: 3378242]

36. Knirel YA, Paramonov NA, Shashkov AS, Kochetkov NK, Yarullin RG, Farber SM, Efremenko
VI. Carbohydr Res. 1992; 233:185–93. [PubMed: 1280183]

37. Greenfield LK, Whitfield C. Carbohydr Res. 2012; 356:12–24. [PubMed: 22475157]

38. Burtnick MN, Brett PJ, Woods DE. J Bacteriol. 2002; 184:849–52. [PubMed: 11790757]

39. Heiss C, Burtnick MN, Wang Z, Azadi P, Brett PJ. Carbohydr Res. 2012; 349:90–4. [PubMed:
22221792]

40. Wishart DS, Bigam CG, Yao J, Abildgaard F, Dyson HJ, Oldfield E, Markley JL, Sykes BD. J
Biomol NMR. 1995; 6:135–40. [PubMed: 8589602]

Heiss et al. Page 7

Carbohydr Res. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 1.
1D 1H NMR spectra of (A) de-O-acetylated and (B) native B. thailandensis E264 OPS.
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Figure 2.
Overlaid partial 2D COSY (black) and NOESY (gray) NMR spectra of native B.
thailandensis E264 OPS.
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Figure 3.
Overlaid partial 2D HSQC (black) and HMBC (gray) NMR spectra of native B.
thailandensis E264 OPS.
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