
ABSTRACT: Five types of molecular species of C40 isoprenoid
chains, having different numbers of cyclopentane rings, were
detected in the ether core lipid of Thermoplasma acidophilum.
The average cyclization number of the hydrocarbon chains in
the lipids increased with increasing growth temperatures. 
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The membrane lipid structures of Archaea are composed of
different lengths of isoprenoid chains with an ether linkage to
glycerol in the sn-2,3 configuration (1,2). The hydrocarbon
chain constituents of ether lipids are commonly the C20, C25,
and C40 isoprenoid chains. In the thermoacidophilic Archaea,
caldarchaeol (2,2′,3,3′-tetra-O-dibiphytanyl-sn-diglycerol),
which contains 2 mol of C40 isoprenoid, is the major core
lipid (3,4). Five types of molecular species, classified by the
number of cyclopentane rings, have been detected in the core
lipid of Thermoplasma acidophilum and other extreme ther-
mophiles including Sulfolobus solfataricus (5–7); these are
the acyclic-, monocyclic-, bicyclic-, tricyclic-, and tetra-
cyclic-C40 hydrocarbons. De Rosa et al. (8) reported that cy-
clization of the chain increased systematically with the
growth temperature from 75 to 89°C in S. solfataricus, which
is an extreme thermoacidophilic Crenarchaeon belonging to
the order Sulfolobales. Sulfolobus solfataricus can grow from
50 to 87°C and optimally at 87°C. Thermoplasma acid-
ophilum belongs to the Euryarchaeota, a subdomain of Ar-
chaea, and grows from 45 to 62°C (optimally at 59°C) (9).
The cell is wall-less, and the major core lipid of the cell mem-
brane is caldarchaeol (10).

In contrast to the report on S. solfataricus (8), Yang and
Haug et al. (11) reported that the average cyclization number
of the total lipids of T. acidophilum grown at 37°C was
greater than that grown at 56°C. Recently, at least five types
of neutral lipids and eight types of acidic lipids have been
identified in T. acidophilum, and most of their structures have
been characterized (12–14).

This report describes the effect of growth temperature on
the degree of cyclization of the major lipids, five neutral

lipids, and four acidic lipids in T. acidophilum, in all of which
the core lipid is caldarchaeol.

EXPERIMENTAL PROCEDURES

Thermoplasma acidophilum (ATCC 27658) was grown aero-
bically with low-speed stirring at 40, 50, and 60°C (±1°C) at
pH 2.0. The medium (1.5 L, wt/vol) consisted of inorganic
salts, 0.1% yeast extract, and 1% glucose in 2-L flasks, as pre-
viously described (13). Cells grown at 60°C were used as in-
oculum. Lipid extraction from the cells and the preparation of
the neutral lipids and acidic lipids from the total lipids were
carried out as previously described (13). As complete lipid
extraction is necessary for reproducible results, the whole
cells were treated with acidic methanolysis during the first
step. Five neutral glycolipids (GL-1a, GL-1b, GL-2a, GL-2b,
and GL-2c), and four acidic phosphoglycolipids (GPL-A,
GPL-B, GPL-C, and GPL-D) were fractionated by the com-
bination of column chromatography and preparative thin-
layer chromatography (TLC). All of the core lipids from these
intact lipids were co-chromatographed with caldarchaeol (Rf
= 0.55) by TLC analysis. Each lipid was purified by prepara-
tive TLC using boronic acid-impregnated high-performance
TLC (HPTLC) plates of silica gel (Merck, Darmstdt, Ger-
many). The HPTLC plates were developed with either chlo-
roform/methanol/water (75:25:2, by vol) for purification of
each neutral lipid, chloroform/methanol/0.2% CaCl2
(55:45:7, by vol) or chloroform/methanol/1 M aqueous am-
monia (65:35:5, by vol) for each acidic lipid.

The core lipids were obtained from whole cells or intact
lipids by acid methanolysis. The core lipids bound to the in-
tact polar lipids were completely cleaved and extracted by a
chloroform/methanol mixture from the methanolyzate. TLC
analysis of the core lipids was performed using an HPTLC
plate of silica gel and developed with hexane/diethyl
ether/acetic acid (60:40:2, by vol). Core lipids were detected
by spraying with 18 M H2SO4 followed by heating at 150°C.
Preparation of the hydrocarbon chains from the core lipids
were obtained by HI degradation as described previously
(13). The hydrocarbon chains were analyzed by gas–liquid
chromatography (GLC) and gas chromatography–mass spec-
trometry (GC–MS). GLC was performed on a Hitachi 163 gas
chromatograph (Hitachi, Tokyo, Japan) equipped with a
flame-ionization detection system. Hydrocarbon chains were
analyzed on 3% Dexsil 300 in a glass column (3 mm × 1 m)
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from 100 to 300°C at the rate of 15°C/min. GC–MS electron
ionization (EI) was carried out using a gas chromatograph–
mass spectrometer (JMS-AX505H; JEOL, Tokyo, Japan)

with a capillary column (DB-1, 0.53 mm × 15 m). The accel-
erating voltage was 3.0 kV, and the primary beam for the
bombardment was 6.0 keV of xenon.
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TABLE 1
Distribution of Cyclopentane Rings in Core Lipids of Whole Cell, Neutral Lipids, and Acidic Lipids 
from Thermoplasma acidophilum Grown at 40–60°C

Temperature of growth % of C40 hydrocarbon Average degree

(°C) Acyclic Monocyclic Bicyclic Tricyclic Tetracyclic of cyclizationa

Whole cell
40 4.9 32.7 62.4 NDb ND 1.6 ± 0.06
50 2.3 20.7 71.9 5.2 ND 1.8 ± 0.09
60 0.7 7.0 77.6 14.6 <0.1 2.1 ± 0.04

Neutral lipids
40 16.9 36.1 46.6 0.4 ND 1.3 ± 0.12
50 7.8 23.0 66.3 2.9 ND 1.6 ± 0.12
60 2.9 5.1 81.8 10.2 ND 2.0 ± 0.08

Acidic lipids
40 6.0 31.2 55.3 7.6 ND 1.6 ± 0.02
50 1.7 14.8 76.1 7.4 ND 1.9 ± 0.07 
60 0.3 4.4 76.9 17.8 0.6 2.1 ± 0.02

aAverage degree of cyclization: (%monocyclic + 2 × %bicyclic + 3 × %tricyclic + 4 × %tetracyclic) × 10−2.
bND, not detected (<0.01).

TABLE 2
Distribution of Cyclopentane Rings in Glycolipids (GL) and Glycophospholipids (GPL) from T. acidophilum

Temperature of growth % of C40 hydrocarbon Average degree

(°C) Acyclic Monocyclic Bicyclic Tricyclic Tetracyclic of cyclizationa

GL-1a
40 7.6 47.2 44.1 1.1 ND 1.4
50 3.5 29.7 64.8 2.0 ND 1.7
60 0.4 5.2 80.8 13.4 0.2 2.1

GL-1b
40 14.8 53.0 32.2 ND ND 1.2
50 7.8 23.0 66.3 2.9 ND 1.6
60 9.3 21.3 69.4 ND ND 1.6

GL-2a
40 1.3 29.7 67.3 1.7 ND 1.7
50 0.6 15.8 82.9 0.7 ND 1.8
60 0.4 2.7 91.4 5.5 ND 2.0

GL-2b
40 1.8 20.4 77.5 0.3 ND 1.8
50 1.8 8.5 85.1 4.6 ND 1.9
60 0.8 1.7 87.5 10.1 ND 2.1

GL-2c
40 44.2 19.6 36.3 ND ND 0.9
50 36.8 13.0 47.1 3.2 ND 1.2
60 21.7 7.2 56.3 14.8 ND 1.6

GPL-A
40 3.4 44.6 52.1 ND ND 1.5
50 1.5 8.8 85.0 4.7 ND 1.9
60 Trace 2.6 83.5 13.3 0.7 2.1

GPL-B
40 4.6 22.6 72.6 0.3 ND 1.7
50 2.0 8.1 86.6 3.3 ND 1.9
60 Trace 2.6 88.6 8.2 0.6 2.1

GPL-C
40 5.6 35.8 58.7 ND ND 1.5
50 Trace 14.0 82.1 3.9 ND 1.9
60 0.8 5.1 78.7 14.7 0.7 2.1

GPL-D
40 Trace 15.6 80.8 3.6 ND 1.9
50 Trace 11.4 81.9 6.8 ND 2.0
60 Trace 3.4 83.0 13.6 ND 2.1

aAverage degree of cyclization: (%monocyclic + 2 × %bicyclic + 3 × %tricyclic + 4 × %tetracyclic) × 10−2. For abbrevia-
tions see Table 1.



RESULTS AND DISCUSSION

Freeze-dried whole cells were directly methanolyzed, then
prepared as hydrocarbon chains. The gas chromatogram of
the hydrocarbon chain from the core lipid (caldarchaeol)
showed five peaks corresponding to the C40 hydrocarbon
chains detected in S. solfataricus (8). The peaks for [M]+ ob-
tained from the GC–MS EI spectra at m/z 562, 560, 558, 556,
and 554 were identified as C40H82 (acyclic), C40H80 (mono-
cyclic), C40H78 (bicyclic), C40H76 (tricyclic), and C40H74
(tetracyclic), respectively. The distribution of molecular
species of the C40 isoprenoid and the average cyclization in
the whole cells and fractionated lipids of T. acidophilum
grown at 40, 50, and 60°C, are shown in Table 1. From these
results, the average cyclization of the C40 hydrocarbon chains
increased with the increasing growth temperature. These re-
sults are similar to those from S. solfataricus, but opposite to
that of a previous report on T. acidophilum (11). 

Distribution of the molecular species of the C40 isoprenoid
and average cyclization from the neutral glycolipids and
acidic phosphoglycolipids are shown in Table 2. An increas-
ing degree of cyclization was seen in all the lipids examined.
The existence of a lipopolysaccharide with 24 mannose
residues in its polar head portion has been reported in T. aci-
dophilum (15,16). In our experiments, the lipopolysaccharide
was not detected on the TLC plate, probably because of its
behavior based on high molecular weight and high polarity.
The efficiency of extraction for the high molecular weight
lipids depends on the extraction solvents, which should be af-
fected by the cyclization number in the total lipids. The pre-
vious contradictory result (11) from T. acidophilum might
have been related to the extraction conditions. The phospho-
glycolipids are more cyclized than the glycolipids. The rea-
son for this might be that the physical volume of the polar
head groups of the phosphoglycolipids are larger than that of
the glycolipids; the volume of the core lipid as a membrane
anchor part needs to become larger for controlling the dis-
tance between the polar heads.

Changing the number of cyclopentane rings in the core
lipids of thermoacidophilic Archaea could maintain stable flu-
idity of the membrane against environmental temperature
changes, similar to the change in the unsaturation of the fatty
acylester lipids of Eukarya and Bacteria (17,18).

The main molecular species of the C40 hydrocarbon chain
of the major cellular lipid GPL-A and total lipids from T. aci-
dophilum grown at its optimum of 60°C in 5 L of medium
without stirring contains one cyclopentane ring (C40 mono-
cyclic). In the case of the cultivation carried out in a 1.5-L
medium with stirring at 60°C, the main molecular species of
the hydrocarbon chain was the bicyclic C40 hydrocarbon.
Thus cyclization might be a response not only to temperature
but also to physical stimulation. Thermoplasma acidophilum
is wall-less and its cell membrane directly faces into the envi-
ronment. The stability of the membrane structure also might
be controlled by cyclization of hydrocarbon chains against
the physical stress, like stirring cultivation. 
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