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Abstract

� .The main polar lipid MPL of Thermoplasma acidophilum has been purified and its structure determined. NMR, mass
spectrometry, and capillary gas chromatography-mass spectrometry experiments have shown that the previously unidentified
sugar moiety of MPL is the rare sugar L-gulose. MPL is thus a tetraether lipid with cyclopentane rings and head groups of
phosphoglycerol, as previously reported, and b-L-gulopyranose. Further, MPL is also the dominant lipid found in lipid
extracts from another species of the Thermoplasma genus, T. Õolcanium, suggesting that L-gulose may represent a dominant
sugar moiety of the polar lipids biosynthesized by this archaeobacterial genus. Minor phospholipids were tentatively
identified as diether and hydroxydiether analogs of phosphatidylglycerol, and phosphatidylinositol.

� .Keywords: Main polar lipid; Structure; b-L-Gulose; Tetraether lipid; Thermoplasma acidophilum

1. Introduction

Thermoplasma acidophilum, an archaeobacterium
originally isolated from a self-heating coal refuse
pile, grows optimally at a pH of 1–2 and 55–598C
w x1 . Because the bacterium appears to lack a cell wall,
the naked membrane must have adapted well to
withstand the harsh conditions required for growth. It
has been known for some time that about 90% of the
polar membrane lipids of T. acidophilum occur as
caldarchaeol tetraethers with varying numbers of cy-
clopentane rings, and the remainder as archaeol di-

w xethers 2 . The polar lipids represent about 82% of the
total lipids, and consist of at least 6 glycolipids and at

) � .Corresponding author. Fax: q1 613 9411327; E-mail: den-
nis.sprott@nrc.ca

w xleast 7 phosphorous-containing lipids 3 . Oddly, with
the exception of a minor tetraether lipid characterized

w xby an extended 25 sugar chain 4 , detailed structural
studies of these lipids have not been done. Even the

� .main polar lipid MPL , accounting for about 46% of
w xthe total polar lipids 5 , is incompletely character-

ized. MPL has been reported to be a tetraether lipid
with sny3-glycerophosphate as one head group, and

w xan unidentified sugar 2 , widely assumed to be glu-
w xcose 6 , as the other.

Structural studies have become of special impor-
tance, because compared to conventional liposomes
those prepared from the polar lipids of T. aci-

w xdophilum are remarkably heat stable 7 , and are
phagocytosed to a greater extent by macrophage cul-

w xtures 8 . Here, we isolate MPL and determine by two
dimensional NMR, and other experiments, that the
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previously unknown sugar of MPL is the rare sugar
L-gulose. Further, we show for the first time that
hydroxydiether lipids are present as minor lipid com-
ponents in lipid extracts of T. acidophilum.

2. Materials and methods

2.1. Materials

� .Silica-gel G-25 plates 0.25 mm were purchased
� .from Brinkmann Instruments Mississauga, Canada .
� .Reacti-Vialse were from Pierce Rockford, IL, USA .

� . � .R - y -2-butanol, D-gulose and L-gulose were from
� .Sigma-Aldrich Mississauga, Canada . The capillary

column for gas chromatography was obtained from
� .Terochem Mississauga, Canada , and deuterated sol-

� .vents from Isotec OH, USA .

2.2. Archaeobacteria and growth

�Thermoplasma acidophilum 122-1B3 ATCC
.27658 was grown aerobically in 75 l or 250 l

� . w xfermenters, in DSM medium 158 pH 2, 558C 9
containing 0.2% yeast extract. Further yeast extract

� .supplementation, each of 0.2% wrv , was done at
12 and 29 h following inoculation. Cells were har-
vested in the late logarithmicrearly stationary growth

� .phase ca. 48 h and frozen at y208C until required.
�Thermoplasma Õolcanium GSS 1 DSM 4299, ob-

tained from Dr. K. Jarrell, Queen’s University,
.Kingston, Ontario, Canada was grown aerobically

� . �pH 2, 558C in DSM 158 medium 500 mlr2 l
. � .Erlenmeyer flask containing 0.2% wrv yeast ex-

tract and 150 mgrml vancomycin. Further supple-
ments of 0.2% and 0.1% yeast extract, respectively,

�were made at 24 and 48 h of the 64 h incubation 120
.rpm . Cells in the late logarithmicrearly stationary

growth phase were harvested and stored at y208C.

2.3. Isolation of MPL

Lipids were extracted from frozen-thawed cell
paste by the neutral Bligh and Dyer method described

w xpreviously 10 . When required, the total polar lipids
� . � .TPL in the total lipid extract TLE were separated
from the neutral lipids by acetone precipitation, as

w xdescribed 7 . MPL was isolated by preparative thin-

layer chromatography of the TLE using silica gel
plates developed with CHCl rCH OHracetic3 3

� .acidrH O 85:22.5:10:4 . Chromatography was re-2
peated 2- to 3-times until purity was established by

� .negative-ion fast atom bombardment FAB MS anal-
ysis. Paramagnetic ions were removed prior to NMR
spectroscopy by treating with EDTA at acidic pH
w x10 .

2.4. Physical measurements

Optical rotation was performed with 4.5 mg
MPLrml CHCl as solvent, using a Perkin-Elmer3
243 polarimeter. 1H-NMR and 13C-NMR spectra were
acquired at 300 K with Bruker AMX-500 and AMX-
600 instruments operating at proton frequencies of
500 or 600 MHz, respectively. For NMR, 4.5 mg
MPL was dissolved in 0.8 ml benzene-d rCD OD6 3
� .7:1, vrv . One-dimensional and two-dimensional

�techniques were employed COSY, ROESY, HMQC
w x

sheteronuclear multiple quantum coherence 11 .
�Chemical shifts are relative to tetramethylsilane 0.0

.ppm . Negative-ion FAB MS spectra were recorded
with a Jeol JMS-AX 505H instrument and tri-
ethanolamine matrix; negative-ion electrospray MS
was performed with a Fisons VG Quattro instrument.

2.5. DrL-configuration of gulose

�Glycolipids 0.5–1 mg of pure MPL or total lipid
. � .extract dissolved in CHCl rCH OH 2:1, vrv were3 3

transferred to 5 ml Reacti-Vialse and taken to dry-
ness with a N stream. Hydrolysis was achieved by2
heating at 708C for 2 h in 2 ml of 2.5% methanolic
HCl. 0.2 ml of water and 2 ml of petroleum ether
were added and the top phase discarded. Ether extrac-
tion was repeated thrice. The bottom phase was taken
to dryness under N , and demethylated in 1 ml of 1 N2
aqueous HCl at 1008C for 3 h. The dried sample,
along with appropriate sugar standards were placed in
vacuo with P O for 2 h. Samples received 0.2 ml of2 5
� . � .R - y -2-butanol plus 10 ml of trifluoroacetic acid,
and incubated for 16 h at 1008C. The dried samples
were acetylated by adding 0.3 ml of acetic anhydride
and incubating at 1058C for 3 h. Samples were dried,
dissolved in CHCl , and injected into a Varian Saturn3
II GCrMS using a 30 m, 0.25 mm ID fused silica
capillary column, programmed from 1808C to 2908C
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at 48Crmin. The carrier was helium at a flow rate of
1.0 mlrmin. Each peak was analyzed by MS to
distinguish furanose from pyranose forms. Retention
times of pyranose and furanose sugar derivatives
were compared to those of D- and L-gulose, and D-
and L-glucose standards to determine the DrL config-

w xuration 12 and to confirm the identity of the un-
known sugar.

3. Results

3.1. Identity of the sugar moiety of MPL

A negative electrospray MS spectrum of the total
polar lipids extracted from T. acidophilum confirmed
that the MPL lipid peak of mrz 1616.8 consists of a
tetraether lipid core, a hexose sugar, and a glycero-

�phosphate theoretical monoisotopic mrz of 1616.4
w x

y .for M-H , with no cyclopentane rings . The cluster
of resolved signals in this region suggested that a
series of MPL structures were present, each distin-
guished by the number of cyclopentane rings varying
from 0 to 5 per molecule, where the dominant form
would correspond to 2 rings per molecule. The theo-

w x

yretical monoisotopic mrz for M-H of the dicy-
clopentane form is 1612.4, close to the obtained

� .mrz of 1612.7 Fig. 1A . When the TPL of T.
acidophilum was subjected to 13C-NMR spectroscopy
only one strong anomeric carbon signal was observed
� .Fig. 1B , showing that only one type of dominating
hexose was present in the MPL lipids. Other MS
signals of much lower intensity and differing from

�the mrz of MPL by 1 and 2 hexose units not shown
.in this spectrum , together with the occurrence of

minor NMR, signals in the anomeric region, sug-
gested the possibility of additional sugar moieties in
the higher molecular weight phosphoglycolipids.
The most dominant lipid band, located with iodine

vapour following TLC, was isolated and used in
further studies to identify the unknown hexose moi-
ety. Negative-ion FAB MS confirmed the purity of

w x

yMPL and established that M-H of the isolated
lipid was mrz of 1612.6.
NMR assignments for the unknown sugar moiety

of purified MPL are shown in the COSY, ROESY
� .and HMQC spectra Figs. 2–4 and in Table 1. In the

� .Fig. 1. Negative electrospray MS panel A showing an expanded
w x

y

13 � .view of the M-H ions, and C-NMR panel B of a total
polar lipid extract of T. acidophilum. In panel A, the monoiso-
topic component for each of the cyclopentane ring forms of MPL
is indicated. Tetramethylsilane was used as the NMR reference.

� . 1COSY spectrum Fig. 2 , all the H resonances of the
sugar moiety could be located and assigned. All the
resonances except for the two H-6 protons were
isolated and proton coupling constants measured from
the 1-D spectrum. The large J coupling of 8 Hz1,2
indicated the b configuration at C-l, with H-1, and
H-2, trans to each other. The small coupling of 3.5
Hz for J and J indicated that these protons were2,3 3,4
gauche to each other. The small coupling of 1 Hz for
J is similar to the one found for galactopyranose4,5
where H-4 is equatorial and H-5 is axial. The rotamer
distribution about the C-5 and C-6 bond could not be
determined since H-6 and H-6X . overlapped, ands s
their couplings with H-5 could not be determined.s
Hence, the J coupling constants indicated that theHH
sugar moiety was a b-gulopyranoside, with H-1, H-2
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and H-5 axial and H-3 and H-4 equatorial in the
� .pyranose ring. In the ROESY spectrum Fig. 3 the

large NOE between H-1 and H-5 confirmed thats s
H-1 and H-5 were trans diaxial and that the anomerics s
configuration was b. The absence of the NOE be-
tween H-1 and H-3 , which is observed for b-gluco-s s
pyranose, indicated that H-3 was now equatorial, ass
confirmed from the J coupling constants and theHH
observed NOE of H-3 with H-2 and H-4 . The NOEs s s
of H-1 and H-1X indicated the glycosidic linkage.s g
From the HMQC spectrum the 13C resonances of

� . 13the sugar moiety were then assigned Fig. 4 . The C
spectrum is shown as a DEPT spectrum with the CH2
signals negative, to distinguish more clearly signals
from the lipid moiety, whose assignments are com-

w x

13patible with the literature data 12,13 . The C chem-
ical shifts of the sugar moiety were similar to those

w xpreviously reported for b-gulose 14 .
Hence, the complete 1H- and 13C-NMR analysis of

the sugar moiety is fully consistent with the identifi-
cation of the unknown sugar as b-gulopyranoside.
To confirm the assignment of the unknown sugar

as gulose and to determine which stereoisomer is
present in MPL, butylated derivatives were formed of
the released sugar moiety and compared with gulose
and glucose standards. Derivatives separating on the
capillary column were analyzed by MS. In addition to
peaks at mrz 331 and 57 diagnostic for acetylated
butyl hexosides, furanosides could be distinguished
by prominent peaks at mrz 143, 169 and 259 from
pyranosides with peaks at mrz 98, 115, and 182.

� . � .Acetylated butyl glycosides prepared using R - y -
�2-butanol will result in 2 peaks for the pyranose a

. �and b and 2 more if the furanose is generated a

.and b . This procedure confirmed that the unknown
� .sugar is gulose and not glucose , and established it

� .to be the L-stereoisomer Table 2 .
Because of the dominance of MPL in total polar

Fig. 2. COSY spectrum along with the 1H spectrum showing the head group region of purified MPL from T. acidophilum. X , carbons
position of the unknown sugar of MPL.
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lipid extracts, it was possible to readily compare the
sugar residue released by hydrolysis from the MPL
lipids of T. acidophilum and T. Õolcanium, without
purification of the lipid extracts. Only one major
sugar was identified, which was L-Gul in both Ther-p

� .moplasma species Table 2 .

3.2. Phytanyl chain of MPL

While a series of MPL lipids differing only in the
number of cyclopentane rings appear present in lipid

� .extracts of T. acidophilum Fig. 1 , the main MPL
w x

ylipid isolated had a mrz for M-H of 1612.6,
indicative of 2 cyclopentane rings. 13C-NMR con-
firmed the presence of 1 ring per chain based on the
detailed assignments given by DeRosa and Gamba-

w xcorta 12 . The observed shifts of signals of MPL due
to the position and number of rings is contrasted to a
tetraether lipid lacking rings in Fig. 5.

3.3. Structure of MPL

All of the data obtained for MPL indicate the
structure to be a tetraether with 2 cyclopentane rings,
and with sny3-glycerophosphate and b-L-Gul asp

� .head groups Fig. 6 . Optical rotation data further
support the proposed structure with a theoretical

�molecular rotation of q2188 data available only for
.a tetraether without cyclopentane rings , and an ob-

served value of q1618 for the dicyclopentane ring
� .form of MPL Table 3 .

3.4. Minor diether lipids of T. acidophilum

Total polar lipid extracts from T. acidophilum
were subjected to TLC, and a wide band enriched for
diether lipids was isolated. Negative-ion FAB MS of
this sub-fraction produced fragment ions characteris-

� .tic of phosphodiether mrz 731.6 and phosphohy-

Fig. 3. ROESY spectrum along with the 1H spectrum showing the head group region of purified MPL from T. acidophilum. X , carbons
position of the unknown sugar of MPL; X , carbon position of glycerol, see Fig. 6.g
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Fig. 4. HMQC spectrum of the head group region of the MPL purified from T. acidophilum along with the DEPT spectrum and 1H
spectrum. X , carbon position of the unknown sugar of MPL; X carbon position of glycerol, see Fig. 6.s g

13 � .Fig. 5. C DEPT spectrum of the phytanyl chain region of MPL isolated from T. acidophilum panel A , and comparison to a similar
� .spectrum of a tetraether lipid lacking cyclopentane rings from MethanobreÕibacter smithii panel B .
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Table 1
Chemical shifts a and coupling constants J for the sugar moiety of MPL from T. acidophilumH,H

1 13� . � . � .Sugar resonance H Chemical shifts ppm J Coupling Hz Sugar resonance C Chemical shifts ppmH,H
cH-1 4.864 8 C-1 102.25 102.6

H-2 4.056 8, 3.5 C-2 69.18 69.1
H-3 4.337 3.5, 3.5 C-3 72.18 72.3
H-4 4.091 3.5, 1 C-4 70.67 70.5

bH-5 4.17 – C-5 73.86 74.9
bH-6 4.001 – C-6 62.40 62.1

X bH-6 4.001 –

a Chemical shifts relative to tetramethylsilane.
b J coupling between H-5 and H-6rH-6X could not be determined because H-6 and H-6X have the same chemical shift.H,H
c

w xData for b-methylgulopyranoside from Tipson and Horton 14 .

Table 2
� .Retention time min of butylated glycoside derivatives of standard sugars and the sugar moiety of glycolipids following lipid hydrolysis

a b cPeak MPL TPL TPL L-Gulose D-Gulose L-Glucose D-Glucose
d� . � . � . � . � . � . � .1 11.58 p 11.55 p 11.55 p 11.55 p 11.59 p 11.53 p 11.56 p

� . � . � . � . � . � . � .2 12.24 p 12.22 p 12.24 p 12.24 p 12.07 p 12.04 f 12.03 f
� . � . � . � . � . � . � .3 12.39 f 12.37 f 12.39 f 12.39 f 12.35 f 12.08 f 12.06 p
� . � . � . � . � . � . � .4 12.54 f 12.53 f 12.53 f 12.54 f 13.06 f 12.16 p 12.19 f

a MPL, main polar lipid of T. acidophilum.
b TPL, total polar lipids of T. acidophilum.
c TPL, total polar lipids of T. Õolcanium.
d � . � .Furanosides f were distinguished by prominent masses at 143, 169 and 259 mrz from pyranosides p with masses at 98, 115 and
182 mrz.

� .droxydiether mrz 747.6 lipids previously de-
w xscribed in certain other archaeobacteria 18,19 . Fur-

w x

yther, the molecular ions M-H observed were char-
acteristic of those produced by Methanosarcina

w xspecies 20 but not found previously in Thermo-
plasma; namely, mrz 805.5 diether phosphatidyl-
glycerol, 821.6 hydroxydiether phosphatidylglycerol,
893.6 diether phosphatidylinositol, and 909.6 hydrox-

� .ydiether phosphatidylinositol Fig. 7 .

3.5. Comparison between the lipids of Thermoplasma
Õolcanium and Thermoplasma acidophilum

Comparison between negative-ion FAB MS spec-
tra of total lipid extracts from T. Õolcanium and T.
acidophilum revealed that the mrz of the lipid
species were essentially identical, with the possible
exception of the number of cyclopentane rings in the

� .dominant form of MPL Fig. 8 . Minor peaks were

� .Fig. 6. The proposed structure of MPL incorporates data from NMR, MS and optical rotation. MPL is a tetraether lipid C H O P ,95 189 16
the dominant form having 1 cyclopentane ring per chain, with sny3-glycerophosphate as one head group, and b-L-gulopyranoside as the
other. Glycerol carbons are designated throughout as X ; sugar signals as X .g s
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Table 3
� .Molecular rotations M of MPL purified from T. acidophilum,D

and related compounds
aCompound Solvent M ReferenceD

� .degrees
� .MPL 2 rings CHCl q161.4 This study3

X� . w xD -PG sny1-sny3 isomer CHCl q28 15s 3
w xD core lipid CHCl q55 15s 3

� . w xT core lipid no rings CHCl q110 16s 3
w xa-methyl-L-Gulopyranoside H O y196 172

PH O2
w xb-methyl-L-Gulopyranoside H O q135 172

b� .MPL no rings CHCl q218 calculated3

a D , dietherrarchaeol; T , tetraetherrcaldarchaeol.s s
b 28q55q135.

Fig. 7. Negative-ion FAB MS spectrum of a diether lipid fraction
isolated by TLC separation of the total polar lipid extract from T.
acidophilum.

observed differing from MPL in mrz by the addi-
tion of one or two hexose moieties. Comparison of

w x

y �the average mrz for M-H of diglycosyl calcu-
.lated 1779.6 for no rings; obtained 1773.7 and

�triglycosyl calculated 1941.6 for no rings; obtained
.1935.9 variations of MPL-like lipids suggested an

�average of 3 cyclopentane rings per molecule Fig.
.8A . Certain of the minor diether lipids observed in

enriched sub-fractions are not detected in these analy-
ses.

4. Discussion

The previously unknown sugar of the main polar
lipid in Thermoplasma acidophilum, and T. Õolca-
nium, is established to be a b-L-gulopyranose residue.

This sugar has been found only occasionally in na-
ture, and in small amount. The only example which
we are aware of describing the biological occurrence
of the L-stereoisomer is a-L-gulopyranose found as a
component of the antitumor glycopeptide, bleomycin,

w xproduced by Streptomyces 21 . D-Gulose is found in
the extracellular polysaccharide of Caulobacter cres-

w xcentus 22 , and in the cardiac glycoside antiarigenin
w x23 . Minor amounts of gulose were found in the

w xglycoprotein of a green alga 24 and in an exoglycol-
w xipid of Chlamydia trachomatis 25 . In the case of

both strains tested here, L-gulopyranoside is nearly
molar equivalent to the total polar lipids present in
the cytoplasmic membrane of Thermoplasma.
The 13C spectrum of the total polar lipids of T.

acidophilum showed only one dominant anomeric
carbon, corresponding to the C-1 of b-gulopyrano-
side, indicating that Gul is the only sugar residue
present in the MPL lipid fraction. However, some
heterogeneity is introduced into the MPL structure by
the varying numbers of cyclopentane rings, and this

w xis known to vary with growth temperature 2 . Elec-
trospray MS indicated that the most abundant form of

Fig. 8. Comparison between negative-ion FAB MS spectra of
total lipid extracts from T. acidophilum and T. Õolcanium.
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MPL contained 2 ringsrmolecule, when T. aci-
dophilum was grown as in this study.
Minor archaeol diether lipids extracted from T.

acidophilum are dominated by a peak of mrz 805.5
in negative-ion FAB MS spectra of total lipid ex-
tracts. The phosphatidylglycerol diether lipid com-
monly found in archaeobacterial lipid extracts may be
anticipated to account for this peak, partly because of
the dominance of sny3-glycerophosphate as one of
the two head groups of the MPL tetraether. However,
peaks tentatively assigned to smaller amounts of
phosphatidylinositol diether, and the hydroxydiether
variations of these head groups was unexpected. Hy-
droxydiethers were discovered as major diether vari-

w xants in Methanosaeta concilii 18 and
w xMethanosarcina species 19 , but these have not been

observed before in a thermoacidophilic archaeobac-
terium. Their suspected occurrence as minor compo-
nents in T. acidophilum suggests a possible role as
metabolic intermediates.
Thermoplasma Õolcanium produces the same dom-

inant lipid as T. acidophilum, suggesting the possibil-
ity that this unusual sugar may be a taxonomic
characteristic of the genus.
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