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Abstract

The structural characterization of glycolipids from Thermus thermophilus HB8 was performed in this study. Two neutral and
one acidic glycolipids were extracted and purified by the modified TLC-blotting method, after which their chemical
structures were determined by chemical composition analysis, mass spectrometry (MS) and nuclear magnetic resonance
(NMR) spectroscopy. The structure of one of the neutral glycolipids, NGL-A, was Galp(a1-6)GlcpNacyl(B1-2)Glcp(a1-)acyl,Gro,
and the other, NGL-C, was Galf(31-2)Galp(x1-6)GlcpNacyl(B1-2)Glcp(a1-)acyl,Gro. The structure of NGL-C was identical to
that reported previously [Oshima, M. and Ariga, T. (1976) FEBS Lett. 64, 440]. Both neutral glycolipids shared a common
structural unit found in the Thermus species. The acyl groups found in NGL-A and NGL-C, iso-type pentadecanoxy and
heptadecanoxy fatty acid, were also the same as those found in this species. In contrast, the acidic glycolipid, AGL-B,
possessed the structure of N-(((GlcpNAc(o1-)acyl,Gro)P-2)GroA)alkylamine. The alkyl group in AGL-B was an iso-type
heptadecanyl, suggesting that the iso-type structure of the long alkyl chain is responsible for the thermal stability of the
bacteria.
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Introduction

Thermus  thermophilus HB8 is an aerobic, rod-shaped, non-
sporulating, Gram-negative eubacterium, which can grow at
temperatures over 75°C [1]. 7. thermophilus is the most thermo-
philic bacterium whose gene manipulating system has been
established among thermophilic bacteria. The number of genes
(ORF) is about 1/15 of humans, and the produced proteins are
heat-stable and easily crystallized, so are suitable for detailed
physicochemical analyses [2—4]. Therefore, this bacterium is being
used for the “Structural-Biological Whole Cell Project”, which
aims to understand all biological phenomena necessary for cell life
based on the structural information of biomolecules [5,6].

From another point of view, since this bacterium can grow
under severe circumstances, it may contain a unique chemical
structure on its cell surface. In addition, since 7. thermophilus has a
very thin cell wall structure compared to regular bacteria,
assembly of cell surface components, including glycolipids, may
work as an important structural unit in 7. thermophilus. In this
paper, we focused on cell surface glycolipids, which were extracted
with chloroform/methanol at room temperature, and analyzed
their structural characteristics by MS and NMR. The structures
elucidated were compared to glycolipids from Deinococcus radio-
durans [7-9], which is a Gram-negative and radiation-resistant
bacterium possessing genomes similar to those of 7. thermophilus

[10].
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Methods

Bacterium and Extraction of Glycolipids

Thermus  thermophilus HB8 cells were grown at 75°C under
moderate aeration in a medium containing 0.5% yeast extract, 1%
polypeptone, and 1% NaCl at pH 7, and frozen at —80°C until
use. The frozen cells (50 g) were thawed and suspended in 100 ml
of distilled water. To the suspension 200 ml of methanol and
110 ml of chloroform were added, and stirred for 90 min at room
temperature. After centrifugation (5150 g, for 30 min), the
supernatant was collected and concentrated with a rotary
evaporator, and lyophilized to obtain crude extract (1.2 g).

Instruments

Gas chromatography (GC) was performed with GC-14BPF
100 V (Shimadzu, Kyoto, Japan) with FID as a detector. GC/MS
analysis was done using a GC-17A/QP-5000 (Shimadzu).
MALDI-TOF/MS was performed with a Voyager RP-DE
(PerSeptive Biosystems, Framingham, MA, USA) using a 2, 5-
dihydroxybenzoic acid (DHBA) as a matrix. ESI-TOF/MS was
done using a Mariner ™ (PerSeptive Biosystems). NMR analysis
was performed with a JNM-LA 500 spectrometer (JEOL, Tokyo,
Japan), an Excaliber-400 spectrometer (JEOL) or a UNITY 600
plus spectrometer (Varian, Palo Alto, CA, USA) at 303 K.
Trimethylsilane (TMS) or methanol was used for the internal
standard in the "H and '*C spectra.
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Table 1. MS analyses of neutral and acidic glycolipids from T.
thermophilus HB8.

NGL-A NGL-C AGL-B
Mode Positive Positive Negative
Detected lon [M+Na]* [M+NaJ* [M-HT
Intact 1356.8 1519.0 1204.0
m/z 13287 14911 1176.0

1300.7 1463.0

1270.7 1434.1
Per-acetylated 1734.7 2023.7 1329.9
Compound 1706.6 1995.7 1302.0
m/z 1678.6 1965.7

1648.7 1937.6
No. of acetyl groups 9 12 3
incorporated by per-acetylation
doi:10.1371/journal.pone.0035067.t001

Analytical Procedures

Phosphorous contents were determined according to the
method of Bartlett [11]. Hexose content was measured by the
anthrone-sulfuric acid method [12]. Analysis of the sugar
constituents of the sample was performed by the alditol acetate
method [13]. Glycerol and hexosamine were analyzed as
described previously [14]. Fatty acids were analyzed according
to the method of Ikemoto ¢t al. [15].

NMR spectra of the glycolipids were obtained at 303 K at a
concentration of 0.6 mg/ml in CDCl;-CD3sOD (2/1 or 1/1, v/v)
or in CDCl;. The chemical shifts are expressed in d-values using
trimethylsilane (3 0) for the 'H spectra and methanol (5 48.90) for
the *C spectra. One-D DANTE, DQF-COSY, TOCSY,
ROESY, HMQC, and HMBC spectra were performed according
to the method described [16].

In MALDI-TOF/MS measurements, samples were dissolved in
chloroform-methanol (1/1, v/v), mixed with saturated 2,5-
dihydroxybenzoic acid (DHBA) dissolved in the same solvent
mixture as a matrix, and placed on a sample plate. Spectra were
obtained using the RDE1000 method. In the ESI-TOF/MS, the
sample was dissolved in dichloromethane/methanol (1/1, v/v) ata
concentration of 1 pg/ml and introduced at a flow rate of 1 ul/
min.

Thin Layer Chromatography (TLC) and TLC-blotting

Thin layer chromatography was performed using a silicagel
plate (Merck Silicagel 60F254 No. 5715). The crude extract was
dissolved in chloroform/methanol (1/1, v/v) and spotted on the
plate, then developed with chloroform/methanol/water/triethyl-
amine (30/8/0.7/0.01, v/v), or chloroform/methanol/water/
acetic acid (13/1/1/5, v/v). Separated compounds were visualized
with anisaldehyde-sulfuric acid or water.

Isolation of separated glycolipids was performed by the TLC
blotting method [17] with an effective modification. In brief, crude
extract was first separated by TLC as above and marked with a
pencil. The TLC plate was soaked in blotting buffer (chloroform/
methanol/1.5 M ammonium bicarbonate, 40/30/7, v/v) for
10 sec. Two PTFE (polytetrafluoroethylene) membranes pre-
soaked in the above blotting buffer were placed on the TLC
plate. The plate and membranes were pressed with glass and
subjected to preheated thermal blotter (ATTO, Tokyo, Japan).
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Glycolipids from Thermus thermophilus

The press (6.4 kg/plate) with the blotter continued for less than
30 sec at 180°C. By repeating the treatment (regularly 3 to 4
times) and changing the PTFE membrane, all of the separated
glycolipids were transferred to the membrane from the TLC plate.
The membranes were then soaked in chloroform/methanol (1/1,
v/v) to release the separated glycolipids. The solution was washed
with water to remove the acetic acid, concentrated and lyophilized
with water to obtain the purified glycolipids. From 180 mg of
crude glycolipid, three kinds of glycolipids (named NGL-A, NGL-
B, and AGL-B) were isolated in yields of 23 mg, 18 mg and
65 mg, respectively.

Chemical Modification

Peracetylation. Peracetylation was performed by the pyri-
dine/acetic anhydride method. In brief, a glycolipid, NGL-A
(1.12 mg), was dissolved in pyridine (1.0 ml)/acetic anhydride
(0.5 ml), and stirred overnight at room temperature. After
removing the solvent, chloroform (1.0 ml) and distilled water
(1.0 ml) were added to the residue. After the extraction, the
organic phase was removed and evaporated. The residue was
applied to silicagel column chromatography (Silicagel Merck
No. 9385, 1.0 g, solvent: chloroform/acetone 1/1—10/1, v/v) to
obtain 1.13 mg of peracetylated NGL-A. Yield 78.5%.

Alkali-hydrolysis = (methanolysis) and subsequent
acetylation. A purified glycolipid (AGL-B, 4.7 mg) was
dissolved in 1 ml of methanol. To the solution, 0.1 ml of 1 M
methanol solution of sodium methoxide was added dropwise at
0°C. After stirring for 30 min at 0°C, the pH of the solution
was neutralized by the addition of Dowex 50-X8 (H). After the
removal of the resin by filtration, water was added to the
filtrate. Extraction with chloroform was done 3 times, after
which the chloroform was evaporated and water was added to
the residue. After lyophilization of the resulting suspension, the
obtained white powder was dissolved in methanol. To remove
fatty acids, extraction was done with hexane. The residual
methanol was evaporated to obtain a white powder, which was
then dissolved in pyridine (I ml)/acetic anhydride (0.5 ml). The
reaction solution was stirred for 1 h at room temperature, and
concentrated to dryness. Water was added to the residue, and
the resultant suspension was lyophilized to obtain a white
powder (4.3 mg).

Modified Mosher method. Similar alkali hydrolysis of the
purified glycolipid (AGL-B, 2.5 mg) was performed using sodium
methoxide in methanol. The hydrolyzed product, glyceramide
derivative, was purified by silicagel chromatography and con-
firmed by ESI-TOF/MS (m/z 569.41 [M+Na]") and NMR.
Then, the modified Mosher method was applied to the glycer-
amide derivative according to the literature [18]. In brief, the
purified glyceramide (0.51 mg) was dissolved in 0.1 ml of pyridine,
and (+)-MTPA (a-methoxy-o-(trifluoromethyl)phenylacetic acid)
chloride (6.8 mg, 27 pmol) was added at 0°C. After stirring for
22 h at room temperature, the reaction mixture was concentrated.
Then, the obtained residue was applied to silica gel column
chromatography (elution: hexane/ethyl acetate =1/1) to isolate
the tri-(R)-MTPA ester derivative (0.83 mg, confirmed with the
positive mode of ESI-TOF/MS: m/z 1195.52 [M+H]") as a
colorless solid. Using (-)-MTPA chloride, the tri-(S)-MTPA ester
derivative was obtained similarly.

Phospholipase A, digestion. According to the literature
[19], the purified glycolipid (AGL-B, 1.1 mg, 0.93 umol) was
dissolved in 0.1 ml of diethylether, and 0.1 ml of 0.05 M Tris-HCI
buffer (pH 8.9) containing 5 mM CaCl,, 0.15 M NaCl and
phospholipase Ay, type I (Sigma Chem. Co., St. Louis, MO) was
added. After stirring for 3 h at room temperature, the reaction
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Glycolipids from Thermus thermophilus

solution was concentrated. Then, the obtained residue was applied
to silica gel column chromatography (clute with ethyl acetate/
methanol =2/1, v/v) to separate the deacylated compound as a
colorless solid. Negative mode ESI-TOF/MS: m/z 951.61 [M-
H] .

Results

TLC and TLC-blotting

Three kinds of glycolipids existed in the crude extract from
T. thermophilus. In the TLC analysis, when the solvent was changed
to chloroform/methanol/water/acetic acid from chloroform/
methanol/water/triethylamine, one component (component B)
moved rapidly, although the other two components (A and C)
moved similarly. From this fact, it was suggested that the
component B was an acidic glycolipid (abbreviated as AGL-B),
and the other two were neutral ones (abbreviated as NGL-A and
NGL-C).

By the modified TLC-blotting method, the yield of the
glycolipids purified from the mixture was 40% on average.
Compared to regular silica gel chromatography, the handling was
much easier and the yield was comparable or higher especially for
the acidic glycolipid.

Structural Characterization of NGL-A

From the MALDI-TOF/MS spectrum of NGL-A, four
remarkable peaks, m/z 1356.8, 1328.7, 1300.7, 1270.7, were
detected in the positive mode measurement (Table 1). All four
were mono-valent cation peaks. From the mass difference between
the biggest peak at m/z 1328.7, it was suggested that they were
congineers with micro-heterogeneity in the fatty acid part, which
was also confirmed by the fatty acid analysis. The MALDI-TOF/
MS spectrum of per-acetylated NGL-A showed four peaks at m/z
1734.7,1706.6, 1678.6, 1648.7. The biggest peak was m/z 1706.6.
By the per-acetylation, each peak was found to move to plus 378,
suggesting that nine acetyl groups were incorporated to NGL-A by
the per-acetylation reaction. This means that nine free hydroxyl
groups exist in the NGL-A.
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Table 2. Chemical Composition of neutral and acidic glycolipids extracted from T. thermophilus HB8.

NGL-A NGL-C AGL-B

umol/mg (molar ratio) umol/mg (molar ratio) umol/mg (molar ratio)
Phosphate - - 0.77 (1.0
Fatty acid (2.5) (3.1) (2.0
C15:0(13-Me) 0.24 (0.5) 0.13 (0.4) 0.29 (0.4)
C15:0(12-Me) 0.07 (0.1) 0.09 (0.3) 0.05 (0.1)
C16:0 0.11 0.2) - - 0.09 0.1)
C17:0(15-Me) 0.70 (1.3) 0.48 (1.4) 0.91 (1.1)
C17:0(14-Me) 0.17 (0.3) 033 (1.0 0.22 (0.3)
C18:0 0.04 (0.1) 0.01 (0.0) - -
Sugar
Glycerol 0.46 (0.9) 0.39 (1.1) 0.51 (0.7)
Galactose 0.65 (1.2) 0.91 (2.7) - -
Glucose 0.65 (1.2) 0.45 (1.3) - -
Glucosamine 0.53 (1.0) 0.34 (1.0) 0.80 (1.0)
Molar ratio was calculated based on glucosamine.

No phosphorus was detected in the composition analysis and no
signal was found in *'P NMR, indicating that phosphate was not
incorporated in the NGL-A. In the fatty acid analysis (Table 2),
1so-heptadecanoic and iso-pentadecanoic acid were predominant.
Galactose, glucose and glycerol were detected in the neutral sugar
analysis. Glucosamine was only found in the amino acid analysis.
No other amino acids were detected. Based on the glucosamine
content, the molar ratio of each component was determined as
shown in Table 2.

Since there were many overlapping peaks in the "H-NMR of
NGL-A in CDCl5/CDsOD (1/1, v/v), the assignment of peaks
was done using per-acetylated NGL-A as summarized in Table 3.
A trisaccharide was suggested from the three peaks around & 100
in the ">C NMR. From the coupling constants (9.6 to 10 Hz)
obtained for its Jo 3, J34, J4.5, @ glucose moiety was suggested. A
galactose moiety was determined from the small coupling constant
for its 754, J45. The multiplet signal at & 2.96 of H-2 and doublet
amide signal at 8 6.27 suggested a glucosamine moiety. All three
moieties existed as pyranose forms. From the 7, » values of each
sugar moiety, a-glucoside (3.7 Hz), a-galactoside (3.6 Hz) and B-
glucosamine (8.2 Hz) were characterized, respectively.

In the ">C NMR spectrum, 12 signals were detected around 8
170, indicating 3 carbonyl groups in the acyl moiety of the long
fatty acids and 9 carbonyl groups in acetyl (Table 3). The 'H-'*C
HMBC spectrum showed the correlations between the 12
carbonyl carbons and appropriate protons, respectively (IFig.
Sla). From these correlations, it was disclosed that the acetyl
groups were attached to the 3, 4, and 6-OH groups of glucose, to
the 3 and 4-OH groups of glucosamine, and to the 2, 3, 4, and 6-
OH of galactose. Also, long fatty acids were confirmed to attach to
the 1-OH of glycerol and the 2-NH of glucosamine. In addition,
the 'H-"C HMBC spectrum (Fig. S1b) showed a correlation
between the 1-C of glucose and the 3-H of glycerol, the 1-C of
glucosamine and the 2-H of glucose, and the 1-C of galactose and
the 6-H of glucosamine. Consequently, the rest of long fatty acid
should be linked to the 2-OH of glycerol, although an appropriate
cross peak between the carbonyl carbon of the long fatty acid and
the 2-H of glycerol was not detected. From these results, the
structure of NGL-A was determined as Gal(al-6)GleN(B1-
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Table 3. NMR data of per-acetylated neutral glycolipids extracted from T. thermophilus HB8.

Per-acetylated NGL-A

Per-acetylated NGL-C

H

13c

H

13c

Chemical shift 8 (Jy 4, H2)

chemical shift

Chemical shift § (*Jy 4, H2)

chemical shift &

Gro-1
Gro-2
Gro-3
Glc-1
Glc-2
Glc-3
Glc-4
Glc-5
Glc-6
Glucosamine
GleN-1
GlcN-2
GlcN-3
GlcN-4
GlcN-5
GlcN-6
GIcN-NH
Galactose
Galp-1
Galp-2
Galp-3
Galp-4
Galp-5
Galp-6
Galactose
Galf1
Galf-2
Galf-3
Galf-4
Galf-5
Galf-6

Agyl
1

2

3

4

5~12(10)
13(11)

14(12)

15(13)

16, 17(14, 15)

4.41, dd(3.1, 12.1); 435 dd(7.4, 12.2)
5.30-5.29, m
3.90, dd(5.0, 11.1); 3.78, dd(4.1, 11.2)

4.88, d(3.7)

3.94, dd(3.7, 10.0)

5.39, dd(9.7, 9.7)

4.99, dd(9.8, 9.8)

4.03-3.99, m

4.25, dd(5.0, 12.3); 4.05, dd(2.3, 12.3)

5.32, d(8.2)
2.96,m

5.82, dd(9.0, 10.7)
4.98, dd(9.2, 9.2)
3.70, m
3.68-3.63, m
6.27, d(7.2)

5.25, d(3.6)
5.03,dd(3.6, 10.9)
5.34, dd(3.3, 10.9)
5.44, dd(1.0, 3.3)
4.21-4.18, m
4.16-4.06, m

230, t

1,55, m
1.35-1.25, m
1.35-1.25, m
1.35-1.25, m
1.14, m
1.62, m
0.86, d(6.6)

63.6
69.8
67.9

99.3
739
721
69

67.8
623

98.6
57.5
70.8
69.7
65.2
732

96.3
68.4
67.4
68.1
66.6
61.7

174.3; 173.9; 173.3
36.5; 34.5; 34.3
254

28.1

30.1-29.2

27.5

39.2

25.1; 25.0

22.7

4.40, dd (3.1, 8.0); 4.33 dd(7.4, 12.4)
5.28-5.24, m
3.90, dd(5.5, 11.2); 3.78, dd(4.2, 11.3)

4.86, d(3.6)

3.93, dd(3.6, 11.2)
5.39, dd(9.7, 9.7)
5.03, dd(7.8, 8.5)
4.02-3.99, m

419, m; 4.05-4.03, m

5.33, d(8.1)

3.08, m

5.82, dd(9.0, 10.5)
4.83, dd(9.4, 12.3)
3.78-3.75, m

3.76, d(5.3); 3.61, d(7.4)
6.24, d(7.2)

4.97, d(3.4)

3.96, dd(3.4, 11.7)
5.32, dd(3.4, 10.7)
5.44, dd(3.4, 9.4)
421, m
4.20-4.06, m

5.14, s

5.08, dd(0.8, 2.4)
5.04, dd(5.7, 10.2)
4.28, dd(1.7, 6.1)
5.38-5.36, m
4.32, dd(4.9, 13.3)
4.24, dd(7.1, 12.0)

2.35-231, m
155, m
1.35-1.25, m

115, m
1.62, m
0.86, d(6.6)

63.3
69.7
67.6

99.1
74.3
7.7
69.3
68

62.7

98.9
57.2
70.6
70.7
72.7
67.4

98.3
73.2
68.4
68.3
66.8
61.4

98.3
73.2
68.4
68.3
66.8
61.4

174.0; 173.7; 1731
34.4; 34.4; 342
25

28

30.1-29.1

27.5

39.1

25.1, 25.0

227
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The spectra were measured in CD;0D at 303 K. The assignments were established by "H and '*C one-dimensional spectroscopy and two-dimensional methods (COSY,
TOCSY, HMQC and HMBC).
doi:10.1371/journal.pone.0035067.t003
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Figure 1. Proposed structures of neutral glycolipids from 7. thermophilus HB8. (a) NGL-A; (b) NGL-C.

doi:10.1371/journal.pone.0035067.g001

2)Gle(al-)acylyGro, as shown in Fig. 1a. The absolute configura-
tion of the 2-position of glycerol has not been determined. Despite
the micro-heterogeneity of the long fatty acid parts, a predominant
example was shown in I'ig. 2a, where the long fatty acids were two
iso-pentadecanoic acids and one iso-heptadecanoic acid.

Structural Characterization of NGL-C

Similar per-acetylation, MALDI-TOF/MS and NMR mea-
surements were applied for NGL-C. In the positive mode MALDI-
TOF/MS of NGL-C, molecular ion peaks were found at m/z
1519.0, 1491.1, 1463.0 and 1434.1. The peak at m/z 1491.1 was
the biggest. Similar to NGL-A, these peaks were due to the micro-
heterogeneity of the long fatty acid. By the per-acetylation of
NGL-C, these 4 peaks were moved to m/z 2023.7, 1995.7, 1965.7
and 1937.6 (Table 1). The biggest was m/z 1995.7. The increment
of 504 for each peak suggested that 12 units of acetyl moieties were
incorporated to NGL-C by the per-acetylation. Compared to
NGL-A, the difference in molecular peaks between the biggest
ones was 162, suggesting an additional hexose in NGL-C. From
the hexose content by GC analysis, the ratio of galactose to glucose
was 2: 1, suggesting that the additional hexose was galactose. No
signal was detected in the *'P NMR spectrum. Due to many
overlapping proton peaks in the '"H NMR spectra of NGL-C itself]
all protons of NGL-C were assigned by 'H and '*C NMR using
per-acetylated NGL-C (Table 3).

From '*C NMR, the 4 peaks around § 100 suggested a tetra-
saccharide. One of them appeared at a lower field (5 107),
suggesting a furanose structure. From the COSY and TOCSY

@ \/Kf\ ohe

NHAc R

R = (CH3)13CH(CHj3); or (CH3)11CH(CH3),

spectra, protons belonging to saccharide moieties were assigned.
Chemical shift values of 4-H and 5-H suggested that the glucose
and the glucosamine were in pyranose form, and the two
galactoses were in furanose and pyranose form, respectively.
Based on coupling constants between 1-H and 2-H, a-glucopy-
ranose (7, 0=3.6 Hz) and a-galactopyranose (7, o = 3.4 Hz) were
elucidated. The glucosamine was P form (7, o,=8.1 Hz). The
galactofuranose was also B-form because of a singlet signal at 1-H.

In the '*C NMR of per-acetylated NGL-C, 15 carbonyl peaks
around O 170 were found; 3 were related to long fatty acids and
the rest were acetyl groups. From the correlation between these
carbonyl peaks and protons in the saccharide moieties in the
"H-"*C HMBC spectrum (Fig. S2a), the positions of the acetyl
groups were determined. Basically, the NMR spectra of per-
acetylated NGL-C were similar to those of NGL-A, except for the
additional galactofuranose. In this galactose moiety, the hydroxy
group at the 5 position was acetylated, confirming the furanose
form. This "H-">C HMBC spectrum also showed correlations
between the 1-C of glucose and the 3-H of glycerol, the 1-C of
glucosamine and the 2-H of glucose, the 1-C of galactopyranose
and the 6-H of glucosamine, and the 1-C of galactofuranose and
the 2-H of galactopyranose. Reverse correlations, such as the 1-H
of glucose and the 3-C of glycerol, were also found (Fig. S2b).
From these facts, the structure of NGL-C was determined as
Galf([B1-2)Galp(a1-6)GlepN-acyl (B1-2)Glep(ol-3)acylyGro (Fig. 1b).
Although the absolute configuration of the 2-position of glycerol
has not been determined, this structure was coincident to that
reported previously by Oshima et al. [19]. They reported that the

Figure 2. Proposed structure of the acidic glycolipid (AGL-B) from 7. thermophilus HB8.

doi:10.1371/journal.pone.0035067.g002
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Table 4. NMR data of alkali-hydrolyzed and per-acetylated
products of the acidic glycolipid (AGL-B) from T. thermophilus
HBS.

1H 13c

Chemical shift (BJ...,H, Hz) chemical shift &
Glucosamine
GlcN-1 4.87, d(3.4) 98.0
GlcN-2 4.28, dd(3.3, 10.5) 51.8
GlcN-3 5.14, m 713
GlcN-4 511, m 68.1
GlcN-5 392, m 68.4
GlcN-6 4.23, dd(4.4, 12.4); 4.10, dd(1.3, 12.4) 61.9
GlcN-NH 6.03, d(9.4) -
G|cN—3EOCH3 - 171.4
GICN—3CO% 201, s 20.8
GIcN-4COCH; - 169.3
GIcN-4CO% 201, s 20.8
GleN-6COCH3 - 170.8
GleN-6COCH3 2.10, s 20.7
GIeN-NCOCH; - 170.2
GlcN-NCOCH3 197, s 23.2
Glyceroyl
GloA-1 - 166.8
GloA-2 5.39, dd(3.3, 5.6) 728
GloA-3 4.03, dd(5.7, 11.5); 3.85, dd(3.4, 11.8) 67.8
GloA-2COCH; - 169.6
GloA-2COCH3 222, s 21.1
Alkylamide
RN-NH 6.16, t(5.7) =
RN-1 331-3.27, m 39.7
RN-2 1.54, m 29.8
RN-3 131, m 27.0
RN-4~12(10) 1.30-1.26, m 30.1-29.6
RN-13(11) 131, m 27.0
RN-14(12) 115, m 39.2
RN-15(13) 1.54, m 29.6
RN-16,17(14,15) 0.86, d(6.6) 22.8
The spectra were measured in CDCl; at 303 K. The assignments were
established by "H and '3C one-dimensional spectroscopy and two-dimensional
methods (COSY, TOCSY, HMQC and HMBC).
doi:10.1371/journal.pone.0035067.t004

main long fatty acid linked to an amino group in glucosamine was
iso-heptadecanoic acid. In our MALDI-TOF/MS analysis, the
biggest peak (m/z=1491.1) indicates the molecular ion peak
[M+Na]*, where M involves two iso-heptadecanoic acids and one
iso-pentadecanoic acid.

Structural Characterization of Acidic Glycolipid AGL-B

In the negative mode EST-TOF/MS spectrum of AGL-B,
molecular ion peaks, at m/z 1176.0 and 1204.0, were detected
(Table 1). From the mass difference between these peaks, it was
suggested that they are congeners having micro-heterogeneity in
the fatty acid part as shown in NGL-A and NGL-C. By the per-
acetylation, remarkable peaks were shifted to m/z 1302.0 and
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1329.9. This suggests that three acetyl groups were incorporated
into AGL-B by the per-acetylation reaction, resulting in three free
hydroxyl groups in AGL-B.

From the composition analyses (Table 1), phosphorus was
found, suggesting the presence of phosphate. The same types of
long fatty acids were detected, again, the predominant ones being
iso-heptadecanoic and iso-pentadecanoic acid. Glycerol and
glucosamine moieties were confirmed, but no glucose or galactose
was found. The relative molar ratio of glucosamine/glycerol/
phosphorus/fatty acid was 1/1/1/2. However, the combination of
these components had a lower molecular weight than that found in
MS, suggesting other unknown component(s) involved in AGL-B.

In the NMR spectra of AGL-B itself and per-acetylated AGL-B
in CDCl;/CDsOD, the many overlapping proton peaks made full
assignment impossible, therefore, a chemical decomposition was
applied. In the ESI-TOF/MS spectrum of the alkali-hydrolyzed
product of AGL-B, several peaks were detected at m/z 547.3
(IM+H]™"), 569.2 ((M+Na]") and 1115.5 ([2M+Na]"). No peak was
found in the *'P NMR of the hydrolyzed product, suggesting
cleavage of the phosphodiester group in the AGL-B. The COSY
spectra are shown in Fig. S3. Protons in the glucosamine moiety
and in the structure of -G(O)H-CG(O)H,y- were confirmed. The
glucosamine was o-pyranose (j; o = 3.4 Hz). Acetyl protons were
found at & 2.0, suggesting M-acetyl glucosamine. No protons
related to the glycerol were found. Although this product was
obtained by alkali-hydrolysis, an iso-type long alkyl group was
detected, suggesting that this long alkyl group was not due to an
acyl group. From the lower chemical shift value (§ 3.2 ~ 3.3) of
the peripheral methyl group, it was disclosed that this alkyl group
formed alkylamine and attached to the above -C(O)H-C(O)H,-
group via an amide bond.

Further per-acetylation was applied to the alkali-hydrolyzed
product. In the positive mode ESI-TOF/MS measurement, a
molecular ion peak was found at m/z 737 as [M+Na] ", suggesting
the mtroduction of four acetyl groups. Compared to the per-
acetylation of the original AGL-B, the additional acetyl group was
suggested to have been introduced at the OH group which was
originally linked to the phosphate group. Based on COSY spectra
(Fig. S3), the full assignment of this per-acetylated compound was
done and is summarized in Table 4. Amide protons were detected
at 8 6.16 (triplet) and 6.02 (doublet), respectively. The triplet peak
at 8 6.16 was due to the long alkyl group, and the doublet peak (&
6.02) was related to the N-acetyl group in the glucosamine moiety.
These assignments were further confirmed by TOCSY measure-
ment (Fig. $4). From the "H-">C HMBC spectrum (Fig. S5a), the
carbonyl carbon at § 166.7 was correlated to the proton in -
C(O)H-C(O)Hy-, suggesting the presence of a glyceric acid. In
addition, this carbonyl carbon was correlated to protons of the
peripheral methylene and amino group in the long alkyl amino
group. From the integral of 1D "H-NMR spectrum and MS data,
the long alkyl amino group was found to be an iso-heptadecano-
lyamino group. The positions of the incorporated acetyl groups
were all determined. Glucosamine was attached to the 3-position
of glyceric acid (Fig. S5b). From these data including MS, the
structure of the per-acetylated compound of alkali-hydrolyzed
product was determined as shown in Fig. S6.

According to the partial structure of AGL-B, the full assignment
of per-acetylated AGL-B was done as shown in Table 5. In the
BC-NMR spectrum, only one anomeric carbon (8 98) was found,
suggesting a monosaccharide (glucosamine) derivative. From the
COSY spectra (Fig. S7), all protons in glucosamine, glycerol,
glyceric acid, alkylamine and long fatty acids were determined.
From the correlations around the region of the carbonyl carbon in
the 'H-'>C HMBC spectrum (Fig. S8), acetyl groups were
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13c 31P

Chemical shift § Chemical shift &

98.9
53.4
73

70.4
69.5
63.6

1741
235

1713
76.7
69.9

64.2
722
65.6

41.2

31
31.6-30.7
29

40.7

29.6

23.8

175.4; 1751
35.7; 35.6

26.5; 26.6

28.8

31.6-30.7

28.9

40.7

29.6

238

—0.693

confirmed to attach to the 3-, 4- and 6-OH of glucosamine. Also,
correlations between the carbonyl carbon (8 171.3) of glyceric acid
and the 3-H (8 3.80) of the glyceric acid and between the carbonyl
carbon and the peripheral methylene protons (& 3.2~3.3) of alkyl
amino group were found. Two carbonyl carbons of long fatty acids
were detected, one of which was correlated to the 1-H of glycerol.
Although correlation of the rest of the 2-H in the glycerol was not
detected because of overlapping with HDO, it was assumed to

@ PLoS ONE | www.plosone.org

The spectra were measured in CD;0D/CDCls (1/1, v/v) at 303 K. The assignments were established by 'H, "3C and *'P one-dimensional spectrascopy, and the following

Table 5. NMR data of per-acetylated acidic glycolipid (AGL-B) from T. thermophilus HB8.
H
Chemical shift 3 (*JH,H, Hz)
Glucosamine
GlcN-1 4.85, d(3.2)
GlcN-2 4.28, dd(3.3, 10.5)
GlcN-3 5.18, dd(9.5, 10.7)
GlcN-4 5.02, dd(9.4, 10.1)
GlcN-5 3.94, m
GlcN-6 4.25, dd(3.9, 12.5); 4.07, dd(1.9, 12.7)
GleN-NH *6.03, d(9.4)
GIcN-COCH; -
GIcN-COCH; 197, s
Glyceroyl
GroA-1 -
GroA-2 4.69, m
GroA-3 4.04, d(7.5); 3.80 d(10.0)
Gro-1 4.40, dd(3.1, 11.9); 4.15, dd(7.0, 11.9)
Gro-2 522, m
Gro-3 4,01, m
Alkylamide
RN-NH *6.16, (5.7)
RN-1 3233, m
RN-2 1.59, m
RN-3~12 1.35-1.25, m
RN-13
RN-14 1.14, m
RN-15 1.50, m
RN-16,17 0.84, s
Agyl
RCO-1 -
RCO-2 2.30, t(7.4)
RCO-3 159, m
RCO-4 1.35-1.25, m
RCO-5~12(10)
RCO-13(11)
RCO-14(12) 1.14, m
RCO-15(13) 1.50, m
RCO-16, 17(14, 15) 0.84, d(6.7)
Phosphate
two-dimensional methods: COSY, TOCSY, HMQC and HMBC, 'H->'P HMQC (J-constant: 8 Hz).
*Signals for the alkali-hydrolyzed and per-acetylated derivative in CDCls.
doi:10.1371/journal.pone.0035067.t005

form a diacyl glycerol structure. The 'H-*'P HMBC spectrum
shows the correlation between the phosphorus and the 3-H of
glycerol, and the phophorous and the 3-H of glyceric acid.
Correlation with the 2-H of the glyceric acid was not detected
because of overlapping with HDO. However, since the 3-O of the
glyceric acid was linked to glucosamine, it was concluded that the
rest of the 2-OH of glyceric acid was consequently linked to
phosphate. From these, the strucure of AGL-B was determined as
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shown in Fig. 2. The absolute configuration of the 2-position of
glycerol was determined enzymatically. Since an alkali phospha-
tase treatment gave the molecular ion (m/z 569.41, [M+Na]")
corresponding to the deacylated AGL-B, the sn-configuration was
determined. The 2-position of the glyceric acid was determined as
R by the modified Mocher method [19] because of the positive
value of Ad (8s — Ogr). From the composition analysis, micro-
heterogeneity of the fatty acid was indicated. If the predominant
1so-pentadecanoic and iso-heptadecanoic acids were the two fatty
acids, the resulting molecular mass (1176.9) was the same as that

observed (m/z 1176.0, [M-H] ).

Discussion

The present study elucidated the structure of the acidic
glycolipid (AGL-B), which may be the first report regarding the
structure of the acidic glycolipid from 7. thermophilus HB8. A
similar glycophosholipid was reported from radiation resistant
Gram-positive Demnococcus radiodurans (7-9). Its scaffold was N-
(GlepNAc(al-)acylyGro)P-2)GroA)alkylamine, where the pre-
dominant long alkyl groups in the glycophospholipid were non-
branch type. According to the reports, the glucosamine was
sometimes replaced by glucose. They also reported that the
absolute configuration of phosphatidic acid was 1,2-diacyl-sn-
glycerol 3-phosphate, and D-glyceric acid. These are also the same
as those of AGL-B.

The biological significance of the glycophospholipid of 7. ther-
mophirus is not clear at the moment. It would be an interesting
subject to study the reason why thermal stable and radiation-
resistant bacteria share the same scaffold for their glycopho-
spholipids on the surface and why the iso-type alkyl groups exist in
only thermal stable bacteria. In Thermus species, common
properties are presented regarding neutral glycolipids [20-24].
Despite the diversity of sugar moieties included in the neutral
glycolipids, the scaffold of diacyl-diglycosyl-(N-acyl)-glucosaminyl-
glycosyl-glycerol or diacyl-glycosyl-(N-acyl)-glucosaminyl-glycosyl-
glycerol is common. The structures of NGL-A and NGL-C in the
present study belong to this family. It was emphasized that the
predominant fatty acid in the family of neutral glycolipids was iso-
pentadecanoyl or iso-heptadecanoyl acid, and the relative contents
of these iso-type fatty acid increased with increasing the
temperature during cultivation [24]. In the structure of the novel
acidic glycolipid (AGL-B), of 7. thermophilus HB8, the fatty acids
and the long alkyl group were predominantly iso-type. We also
confirmed that no lipopolysaccharide (LPS) exists in 7. thermophilus
HB8 (data not shown). From these facts, it is speculated that the
iso-type long alkyl group plays a crucial role in the stability of the
membrane of this bacterium. The study to elucidate the
biosynthetic pathway of AGL-B is underway in combination with
its total chemical synthesis.
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