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Summary A modified procedure for extraction and purifica-
tion of hydrolyzed archaebacterial lipids is described. Lipids
were extracted from Sulfolobus acidocaldarius using a Soxhlet ex-
traction procedure followed by trichloroacetic acid solvent-ex-
traction of the residue. The yield of total extractable material by
this protocol was 14% which, after a two-phase wash, yielded
10% lipid. Modifications to the published steps for purifying the
subsequently hydrolyzed lipids were developed to purify glycerol
dialkyl nonitol tetraether (GDNT). The nearly colorless final
macrocyclic product was characterized by TLC, IR, NMR, and
mass spectrometry.— Lo, 8-L., C. E. Montague, and E. L.
Chang. Purification of glycerol dialkyl nonitol tetraether from
Sulfolobus acidocaldarius. J. Lipid Res. 1989. 30: 944-949.
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The membranes of thermoacidophilic archaebacteria
are stable under growth conditions that can be as acidic
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as pH 1 and as high in temperature as 85°C (1, 2). The
major lipid of the membranes is an unusual bipolar, macro-
cyclic, tetraether lipid with glyco- and glycophospho-polar
headgroups (2). Only two hydrolyzed lipid classes differ-
entiated by their polar headgroups are obtained from the
total lipid extract: glycerol dialkyl glycerol tetraether
(GDGT) and glycerol dialkyl nonitol tetraether (GDNT)
(Fig. 1). It is thought that the high stability of the native
archaebacterial membranes can be attributed to the unique
chemical structure of these lipids (3).

The ruggedness of the archaebacterial membrane has
attracted researchers to characterize the physical proper-
ties of the constituent lipids (4-7). In particular, the
hydrolyzed archaebacterial tetraether lipids are attractive
because their relative simplicity facilitates the study of
certain questions concerning structure/property relation-
ships for lipid membranes. The previously published pro-
tocols for obtaining GDNT and GDGT (8, 9), however,
yielded a brown final product (S. L. Lo, C. E. Montague,
and E. L. Chang, unpublished results, and personal com-
munications, T. Langworthy) which almost assuredly im-
plies contamination. We have developed a modified
procedure which removes the contaminants to produce a

Abbreviations: GDGT, glycerol diatkyl glycerol tetraether; GDNT, gly-
cerol dialkyl nonitol tetraether; TLC, thin-layer chromatography
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Fig. 1. Chemical structure of (a) glycerol dialkyl nonitol tetraether (GDNT) and (b) GDNT with two cyclopetanes; S. acidocaldarius lipids can have
0 to 4 rings per alkyl chain; (c) glycerol dialkyl glycerol tetraether (GDGT) possesses only one hydroxyl per glycerol.

higher purity lipid. This will allow the use of spectrosco-
pic techniques such as Raman spectroscopy, which is
highly sensitive to fluorescent contaminants, for the study
of the lipids in aqueous media. In this report, we detail
a modified protocol developed that not only produces a
cleaner lipid but also increases the total yield of crude lip-
ids extracted from the organism.

MATERIALS AND METHODS

Growth of Cells.

Sulfolobus acidocaldarius (ATCC strain 33909, Rockville,
MD) was grown at 65-67°C in 20-L glass carbuoys con-
taining 15 L of ATCC medium 1256 supplemented with
1 g/1 glucose (10). Air was bubbled through the aqueous
medium at 1 I/min and growth was monitored by absor-
bance at 420 and 540 nm. Clells were harvested by centri-
fugation at the onset of stationary phase, lyophilized, and
stored at — 20°C until used. Average yield was 300-400
mg dry cells/l culture.

Extraction of lipids.

Lipids were extracted for 12 h by the Soxhlet extraction
method (8), with 300 ml of }chloroform—methano] 1:1 for
each 1.5 g lyophilized cells. The residue from the initial
extraction then underwent a second extraction with 140
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ml of chloroform-methanol-5% trichloroacetic acid 1:2:
0.8 at room temperature for 2 h (11). After centrifugation,
the pellet was washed twice with 32 ml of chloro-
form-methanol-water 1:2:0.8. The supernatants from the
acid extraction and the two washes were pooled and chlo-
roform and water were added to obtain a ratio of chloro-
form-methanol-water 8:4:3. The upper phase was
extracted with an equal volume of chloroform (system I
and the lower phase was washed with an equal volume of
chloroform-methanol-water 3:48:47 (sytem II). The lower
phase from system II was then washed with the upper
phase of system I. The lower phase from this mixture was
then pooled with the lower phase of system I.

Thin-layer chromatography

Thin-layer chromatography was carried out on LK5F
and PLKS5F plates (Whatman, Clifton, NJ) using the fol-
lowing solvents: A, chloroform-methanol 9:1; B, diethyl
ether-methanol 6:4. Lipids were detected by exposure to
iodine vapor or charring with phosphomolybdic acid (12).

Isolation and purification of GDNT

The lipid extracts were first treated with 1 N methano-
lic HCI1 at 75°C for 18 h in a tightly capped flask, followed
by adjusting the mixture to a 50% methanol-water solu-
tion with water and to pH 14 with 8 N KOH. After hydro-
lyzing again at 80°C for 1 h, the mixture was brought to
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pH3 with HC] and the hydrolyzed products were recov-
ered by adding chloroform and methanol to obtain a solu-
tion of chloroform-methanol-water 8:4:3. The lower
phase was washed once with an equal volume of chloro-
form-methanol-water 3:48:47.

After drying the chloroform layer, the residue was sus-
pended in chloroform and transferred to a silica gel col-
umn (Merck Kiesel gel, 6 mg lipids per gram of silica gel).
The column was eluted with 5 bed-volumes each of the
following solvents: chloroform, chloroform-diethyl ether
8:2, and chloroform-methanol 8:2.

The GDNT-containing fraction, chloroform-méthanol
8:2, was purified by preparative TLC on PLK5F plate
(100 mg lipid per plate) with solvent B. The lipid bands
on the plate were located with iodine vapor. A wide band
corresponding to GDN'T, with Ry = 0.45, was scraped and
eluted with chloroform-methanol-water 65:25:4. Metha-
nol and water were added to the solvent mixture to adjust
the chloroform-methanol-water ratio to 8:4:3. The lower
phase, containing the GDNT, was further purified by pre-
parative TLC on a PLK5F plate with solvent A (R; =
0.54). The final TLC purification was achieved with sol-
vent B using a prewashed LKS5F plate (5 mg lipids per
plate). The Ry of the purified GDNT was 0.38.

GDNT obtained from the above procedure was dissolved
in a minimum amount of solvent A. The solution was di-
luted with chloroform to 10 volumes and filtered through
a 0.45 um Millex-HV filter (Millipore, Bedford, MA).
The filtrate was dried and redissolved in warm acetone
(40°C). Any insoluble solid was filtered by Millex-HV fil-
ter. The acetone filtrate was stored at + 4°C for 18 h then
at ~ 10°C for 30 min to precipitate the GDNT, which was
collected by centrifugation.

Infrared spectroscopy

Infrared spectra were recorded from dried films on KBr
windows using Perkin-Elmer Model 1800 infrared spec-
trophotometer. GDNT was transferred to the windows in
chloroform and allowed to air dry.

Nuclear magnetic resonance

NMR spectra were acquired with a Bruker MSL 300
Fourier Transform NMR Spectrometer system that in-
cludes a 7.0 Tesla wide-bore (89 mm) magnet and an As-
pect 3000 computer system. Measurements were carried
out at 22 + 1°C. The samples were spun at 15 Hz in 5.0
mm NMR tubes. Samples were dissolved in CDCl;. Te-
tramethylsilane (1%) was used as an internal reference
and assigned a value of 0.0. The '"H NMR spectra were
acquired at 300.130 MHz. Free-induction decays were ac-
quired with 5.0 usec 'H pulses and a 2.0 sec pulse delay.

Mass spectrometry

Chemical-ionization mass spectrometry was performed
on a Finnigan TSQ-70 triple quadrupole mass spectrome-
ter using ammonia or isobutane as reagent gas.
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UV/vis spectrometry

UVl/visible spectrometry of GDNT was performed on
a Perkin-Elmer Lamda 4c Spectrometer. Pathlength was
1 cm.

RESULTS AND DISCUSSION

The recovery of total material from the initial Soxhlet
extraction step was 9.5% of dry weight, which was nomi-
nally better than the 8% literature value (13). The addi-
tional acid extraction of lipids from the residue was
originally developed by Nishihara and Koga (11) for meth-
anogens. Our application of this step to the Soxhlet ex-
traction residue from S. acidocaldarius, a thermoacidophile,
yielded another 4.5% lipids for a total material yield of
14%. However, the initial Soxhlet yield included some
possibly proteinaceous material which partitions into the
interphase region of a chloroform-methanol-water 8:4:3
two-phase system. A two-phase wash of the Soxhlet ex-
traction decreased the final lipid yield for the Soxhlet ex-
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Fig. 2. FTIR spectrum of GDNT film.
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traction by about 50%, resulting in a net yield of 5% for
Soxhlet extraction. The upper phase was re-extracted by
a second two-phase wash. The lower phase of this second
wash was found to contain negligible amounts of lipids.
Thus reported yields on S. acidocaldarius by Soxhlet extrac-
tion alone should be treated with caution (e.g., ref. 13), as
the final amount of usable lipids may be much less. The
acid extraction procedure does not suffer this ambiguity
as a two-phase wash is standard to the protocol. There-
fore, for practical purposes, we define our yield to be the
amount of lipids remaining after a two-phase extraction.
Thus our net yield from a two-phase extraction of the
Soxhlet material (5%) plus the lipids obtained from the
acid extraction of the Soxhlet residue (4.5%) is 9.5%. To
compare this net yield with published values of 8% for
Soxhlet extraction alone (8, 13), the published yields must
be reduced by 350% (see above).

An alternative procedure would be to extract the dried
cells in acidic solvent directly. This procedure yielded
9.1% lipids. Further extraction of the residue by Soxhlet
extraction resulted in an additional 1.4% lipid. Thus, the
total yield of lipid, taken to be the material after a two-
phase wash, is around 10% for either method.

Both acid methanolysis and base hydrolysis of the total
lipids were performed in order to assure complete cleav-

age of the phosphodiester and sugar linkages. In the TLC
purification step, the hydrolyzed lipids were overloaded to
improve the separation of the colored material from
GDNT. Most of the colored material was removed by re-
peated preparative TLC on PLKSF plates. Some colored
material that was not resolvable from GDNT on PLK5F
plates was removed on 250 um LKO5F plates. Final purifi-
cation was achieved by acetone precipitation. The puri-
fied GDNT has the same Ry values in solvents A and B
as the GDNT provided by Dr. Langworthy. Average yield
was 1-1.5% of dry cell mass.

Mass spectral analysis showed peaks at 1460, 1456, and
1452 a.m.u., corresponding to [M~-H,0O]*, where M is the
GDNT molecule with degrees of cyclization from 1 to 5
(major peak for cyclization = 3). Diagnostic fragments
missing a glycerol backbone (C;H¢O;), [M-90), or miss-
ing an alditol (CsH;0;), [M-181], were also seen. No
peak around 1480 for the intact GDNT was found. The
absence of this parent peak has been reported previously
(8)-

Infrared spectroscopy of the GDNT in chloroform
(Fig. 2) showed a broad band centered at 3400 cm™ for
OH stretch, two strong peaks at ~2920 and 2850 cm™’
due to CH stretch modes, a peak at 1460 cm™ from CH,
and at 1375 cm™ from CHj; bending modes. In addition,
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Fig. 3. NMR spectrum of GDNT.
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a strong band was found at ~ 1110 cm™ for the ether
stretching vibrations and a peak at 1070 cm™ is most like-
ly due to primary hydroxy stretch. The ratio of the 3400
cm! to 2920 cm™ peaks exhibited by the spectrum is con-
sistent with the high amount of hydroxyls in GDNT. The
existence of ether bonds is confirmed by the 1100 cm™
peak, while the high content of methyl groups is indicated
by the shoulders at ~2960, 2870, and 1450 cm™.

The proton NMR spectrum of the pure compound
(Fig. 3) showed signals at § 0.7-0.9 (-CH3), ¢ 0.9-1.5
(-CH; and -CH), é 1.6-2.0 (cyclopentanyl protons), and
8 3.2-4.0 (CH;-O-, CH-O-, and -OH). The peaks cor-
responded well to the general structure of GDNT with
cyclopentane rings. Quantitative interpretation of the
overlapping peaks, especially in the high-field region, was
difficult; but the results were consistent with a GDNT
molecule with multiple rings. Thus, the NMR, combined
with the IR and the mass spectral data, provided conclu-
sive support that the final product was GDNT, containing
from one to five cyclopentane rings per molecule.
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Fig. 4. UV/vis spectra of GDNT (I mg/ml in isopropanoi-hexane 1:1};
upper curve for GDNT purified by published method (9), lower curve
by present method.

948 Journal of Lipid Research Volume 30, 1989

The UV/visible spectra (Fig. 4) demonstrates that the
total absorption of the purified GDNT decreased by over
an order-of-magnitude over lipid obtained by published
procedure (9).

We have described here a procedure for the extraction
and purification of GDNT, a hydrolyzed lipid from S.
actdocaldarius. Whereas the published extraction proce-
dures yielded a product that was visibly contaminated,
the modified procedure presented here eliminates the con-
tamination. The modifications to existing procedures in-
clude the addition of an acidic solvent extraction of the
residue from the initial chloroform-~methanol extraction,
a base hydrolysis of the extracted total lipids, a multiple-
step TLC purification, and a final acetone precipitation
step. The final product from this process is a nearly color-
less oily lipid. B8
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