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Abstract The basic structure and stereochemistry of
the characteristic glycerol dibiphytanyl glycerol tetraether
(GDGT) membrane lipid of cosmopolitan pelagic crenar-
chaeota has been identified by high field two-dimensional
(2D)-NMR techniques. It contains one cyclohexane and four
cyclopentane rings formed by internal cyclisation of the bi-
phytanyl chains. Its structure is similar to that of GDGTs
biosynthesized by (hyper)thermophilic crenarchaeota apart
from the cyclohexane ring. These findings are consistent with
the close phylogenetic relationship of (hyper)thermophilic
and pelagic crenarchaeota based 16S rRNA. The latter group
inherited the biosynthetic capabilities for a membrane com-
posed of cyclopentane ring-containing GDGTs from the (hy-
per)thermophilic crenarchaeota. However, to cope with the
much lower temperature of the ocean, a small but key step in
their evolution was the adjustment of the membrane fluidity
by making a kink in one of the bicyclic biphytanyl chains by
the formation of a cyclohexane ring.  This prevents the
dense packing characteristic for the cyclopentane ring-con-
taining GDGTs membrane lipids used by hyperthermophilic
crenarchaeota to adjust their membrane fluidity to high tem-

 

peratures.

 

—Sinninghe Damsté, J. S., S. Schouten, E. C. Hop-
mans, A. C. T. van Duin, and J. A. J. Geenevasen.
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Archaea form one of the three domains of life on Earth
and are subdivided based on 16S rRNA in two major
kingdoms (Euryarchaeota and Crenarchaeota) and one

 

smaller kingdom (Korarchaeota) (1). Traditionally, archaea
are viewed as organisms that especially thrive under ex-
treme conditions, such as high salinity, high temperatures,
strong acid, and anoxic conditions. However, this view is
changing rapidly based on the occurrence of characteris-
tic archaeal gene sequences (2) and archaeal membrane
lipids (3) in non-extreme environments. Recently, for ex-
ample, cultivation-independent rRNA surveys have shown
that archaea belonging to the kingdom Crenarchaeota, tra-
ditionally only thought to be comprised of thermophiles
(i.e., growth temperatures 

 

�

 

40

 

�

 

C), thrive in the ocean
(4). These so-called pelagic crenarchaeota are probably
the most abundant group of archaea on Earth; the global
oceans are estimated to comprise 1.3 

 

�

 

 10

 

28

 

 cells (4).
Apart from their characteristic rRNA sequences, ar-

chaea are also biochemically distinct from bacteria and
eukaryotes since they use biphytanyl glycerol diethers or
(glycerol dibiphytanyl glycerol tetraethers) GDGTs in-
stead of diacyl membrane lipids. This has been inter-
preted to be an adaptation to the extreme environments
in which archaea thrive, as ether linkages are more stable
than ester linkages (5). The use of membrane-spanning
GDGTs by (hyper)thermophilic crenarchaeota is thought
to be a further adaptation of their membranes to cope
with high temperatures (

 

�

 

60

 

�

 

C). In addition, (hyper)
thermophilic archaea form cyclopentane rings by internal

 

Abbreviations: APCI, atmospheric pressure chemical ionization;
APT, attached proton test; COSY, correlated spectroscopy; DCM,
dichloromethane; DEPT, distorsionless enhancement by polarization
transfer; HMBC, heteronuclear multiple bond correlation; HMQC,
heteronuclear multiple quantum correlation; GDGT, glycerol dibiphy-
tanyl glycerol tetraether; MS, mass spectrometry; NOE, nuclear Over-
hauser effect; NOESY, nuclear Overhauser effect spectroscopy; 2D,
two-dimensional; TOCSY, total correlation spectroscopy.
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cyclization of the dibiphytane moieties, resulting in a
more densely packed and consequently thermally more
stable membrane (6). The number of cyclopentane rings
in GDGTs of (hyper)thermophilic crenarchaeota indeed
increases with growth temperature (7). Hence, GDGTs
seem to be specifically designed to cope with extremely
high temperatures.

Remarkably, however, cyclopentane ring-containing
GDGTs have recently also been identified in non-thermo-
philic crenarchaeota and in the marine environment.
Ether cleavage studies on water column particulate matter
(8) and 

 

Cenarchaeum symbiosum

 

 (9), the only uni-archaeal
culture available from the group of pelagic crenarchaeota
(10), and studies of intact GDGTs in marine sediments (3)
have all indicated that the GDGTs of pelagic crenarchae-
ota comprise dibiphytanes with predominantly no, two, or
three cyclopentane rings. Detailed mass spectrometry
(MS) studies indicated that the dibiphytane comprising
three cyclopentane rings is different from the isomer
found in hyperthermophilic crenarchaeota since the posi-
tion of one of the cyclopentane rings is different (11).
These studies confirmed the phylogenetically close rela-
tionship between the thermophilic and pelagic crenarchae-
ota; both biosynthesize cyclopentane-containing GDGTs.
It remains, however, unclear how pelagic crenarchaeotea
can thrive in the relatively cold ocean waters with a set of
membrane lipids specifically designed to cope with high
temperatures.

Here we report a detailed account on the structural
identification of the core GDGT membrane lipid of
pelagic crenarchaeota using high-field two-dimensional
(2D)-NMR techniques. Our results reveal that these or-
ganisms have adjusted their membrane lipids to cope with
the much colder conditions in the ocean by the formation
of an internal cyclohexane moiety, an unprecedented bio-
chemical reaction for the archaea.

MATERIALS AND METHODS

 

GDGT isolation

 

For isolation of GDGT-0

 

2

 

 and the core tetraether lipid of pe-
lagic crenarchaeota, 700 g of surface sediments of the Arabian
Sea (Netherlands Indian Ocean Program Site 311, off Yemen;
16

 

�

 

02’N, 52

 

�

 

46’E; water depth 1,087 m) was extracted by Soxhlet
using dichloromethane (DCM)/methanol (9:1) as solvent. From
this extract, apolar and polar fractions were obtained by column
chromatography over aluminum oxide using hexane-DCM (9:1;
v/v) and DCM-methanol (1:1, v/v) as eluents, respectively. Sol-
vent was removed from the polar fraction by rotary evaporation
under vacuum. The remaining solvent was removed under a
stream of nitrogen, and the residue dissolved by sonication (10
min) in hexane-propanol (99:1, v/v). The resulting suspension
was centrifuged (1 min, 3,500 rpm) and the supernatant filtered
through a 0.45 

 

�

 

m, 4 mm diameter PTFE filter prior to injection.

GDGT-4 was isolated from a GDGT fraction of the thermo-
philic archaeon 

 

Sulfolobus solfataricus

 

, prepared as previously de-
scribed by Nicolaus et al. (12) and a kind gift of Dr. A. Gam-
bacorta, Instituto di Chimica di Molecole di Interesse Biologico,
Napoli, Italy. The GDGT fraction was dried, re-dissolved, and fil-
tered as described above before injection.

GDGTs were isolated using an HP (Palo Alto, CA) 1100 series
LC equipped with an auto-injector, and a fraction collector (Foxy
Jr., Isco, Inc., Lincoln, NE). A first isolation was achieved on a
semi-preparative Econosphere NH

 

2

 

 column (10 

 

�

 

 250 mm, 10

 

�

 

m; Alltech, Deerfield, IL), maintained at 30

 

�

 

C. Typical injec-
tion volume was 100 

 

�

 

l containing up to 10 mg material. GDGTs
were eluted isocratically with 99% hexane and 1% propanol for 5
min, followed by a linear gradient to 1.8% propanol in 45 min.
The flow rate was set at 2.5 ml/min. After each run the column
was cleaned by back-flushing hexane-propanol (9:1; v/v) at 2.5
ml/min for 10 min. Column effluent was collected in 1 min frac-
tions, which were screened for the presence of the target GDGT
by HPLC/atmospheric pressure chemical ionization (APCI)-MS
as described by Hopmans et al. (13). Fractions containing the
target GDGT were pooled and further purified on an Econo-
sphere NH

 

2

 

 column (4.6 

 

�

 

 250 mm, 5 

 

�

 

m; Alltech, Deerfield,
IL). Typical injection volumes were 50 

 

�

 

l containing up to 0.5
mg of material. GDGTs were eluted using an identical gradient
and conditions as described above, but at a flow rate of 1 ml/
min. After each run the column was cleaned by back-flushing
hexane-propanol (95:5, v/v) at 1 ml/min for 10 min. Column ef-
fluent was collected in 0.5 min fractions and screened as de-
scribed above.

 

GDGT extraction and analyses

 

In case of the sponge 

 

Axinella mexicana

 

 containing 

 

Cenar-
chaeum symbiosum

 

 (kind gift of Dr. E. DeLong, Monterey Bay
Aquarium Research Institute, CA) direct solvent extraction did
not yield significant amounts of GDGTs. The sponge was there-
fore extracted by refluxing with 2 N HCl in methanol for 8 h, fol-
lowed by liquid/liquid extraction with DCM. Released GDGTs
were subsequently analyzed by HPLC-APCI/MS as described pre-
viously (13).

 

Nuclear magnetic resonance

 

All GDGTs were solved in CDCl

 

3

 

 at a concentration of 3–6

 

�

 

mol/ml. NMR spectroscopy was performed on a Varian Unity
Inova 500, a Bruker DRX600, and a Bruker AV-750 spectrometer
equipped with an SWBB probe, an inverse TBI-Z probe with a
pulsed field gradient (PFG) accessory, and a BBI-zGRAD probe,
respectively. All experiments were recorded at 300 K in CDCl

 

3

 

.
Proton and carbon chemical shifts were referenced to internal
CDCl

 

3

 

 (7.24/77.0 ppm). In the 2D 

 

1

 

H-

 

13

 

C correlated spectros-
copy (COSY), the number of complex points and sweep widths
were 2K points/6 ppm for 

 

1

 

H and 512 points/150 ppm for 

 

13

 

C.
In the 2D 

 

1

 

H-

 

1

 

H COSY the number of complex points and sweep
widths were 2 K points/5.5 ppm. Quadrature detection in the in-
direct dimension was achieved with the time-proportional-phase-
incrementation method. The data were processed with Varian or
NMRSuite software packages. After apodization with a 90 shifted
sinebell, zero filling to 512 real points were applied for the indi-
rect dimensions. For the direct dimensions zero filling to 4 K real
points, Lorentz transformations were used.

 

Torsion angles in GDGT-4

 

To determine the average torsion angles in the cyclopentane
rings of GDGT-4, a constant volume, constant temperature mo-
lecular dynamics (MD) simulation (14, 15) was performed at a
system temperature of 298 K on a single GDGT-4 lipid. After

 

2 

 

A number after GDGT indicates the total number of cyclopentane
rings.
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equilibration at this temperature, a 25,000-iteration MD-simula-
tion was performed. Atom positions were saved every 50 itera-
tions, thus generating 500 conformational snapshots. Subse-
quently, average torsion angles in the five-membered rings and
associated standard deviations were obtained from the analysis of
these snapshots. The ReaxFF-force field (16) was used in these
simulations.

 

Membrane volume determination

 

To determine the influence of molecular structure on mem-
brane volume we performed constant pressure, constant temper-
ature MD simulations (14, 15) on systems containing 3 

 

�

 

 3
GDGT-4 or crenarchaeol-lipid monomers. In accordance with
work by Gabriel and Chong (6) we used 

 

�

 

-

 

d

 

-glucopyranose and

 

myo-

 

inositolphosphate as the polar groups in both the GDGT-4
and crenarchaeol-lipids. Periodic images of the 3 

 

�

 

 3-lipid sys-
tem were used in the y- and z-direction (parallel to the mem-
brane), no periodicity was used in the x-direction (perpen-
dicular to the membrane). The system was allowed to expand
and contract in the y- and z-directions according to the intermo-
lecular forces. By this means the initial membrane structure, con-
taining the 3 

 

�

 

 3 lipid monomers evenly and symmetrically dis-
tributed in a periodic box of dimensions 21 

 

�

 

 30 Å in y- and
z-directions, was allowed to relax until it reached a steady-state
configuration, after which the periodic box dimensions (the yz-
surface area) could be used as a direct measure for the mem-
brane volume. The system temperature (298 K) and pressure (10
bar) were controlled using the algorithm described by Berendsen

et al. (17), with temperature and pressure damping constants of
1,000 femtoseconds and a MD time-step of 1 femtosecond.

A modified version of the AMBER-protein force field (18), as
described by van Duin and Larter (19), was used to evaluate the
interatomic forces in these simulations. To test for potential bi-
ases associated with this choice of force field all simulations were
repeated with the ReaxFF-potential (16).

 

RESULTS

 

HPLC-APCI/MS

 

Cenarchaeum symbiosum

 

 is an archaeon that lives in sym-
biosis with the sponge 

 

Axinella mexicana

 

, originally in the
Gulf of Mexico (10). Detailed molecular biological work
has documented that this “culture” is uni-archaeal. It is
the only archaeon available in culture belonging to the
phylogenetic group of pelagic crenarchaeota (Marine
Group 1) (2). Analysis of the H

 

�

 

-extract with an HPLC-MS
technique, recently developed to analyze intact core
GDGT membrane lipids (13), showed a base peak ion
chromatogram dominated by GDGT-0 (structure I; see

 

Fig. 1

 

 for structures), the GDGT comprised of two biphy-
tane chains containing no cyclopentane rings, and an un-
known component, representing 

 

�

 

60% of total GDGTs
(

 

Fig. 2A

 

). This latter component showed a mass spectrum

Fig. 1. Structures of components listed in the text. For glycerol dibiphytanyl glycerol tetraether (GDGT)-0, GDGT-4, and crenarchaeol,
the numbering of carbon atoms is indicated. The arabic numbering of carbon atoms was done after DeRosa et al. (22). The numbering with
numerals was applied to make as much use as possible of the C2 symmetry of the biphytanyl chains in the GDGT molecules to describe the
NMR signals (Table 1–3) as efficiently as possible.
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typical for a GDGT (i.e., loss of water and glycerol) (13)
but with a protonated molecular ion 10 daltons lower
than that of GDGT-0, establishing the molecular formula
as C

 

86

 

H

 

162

 

O

 

6

 

 and indicating that this GDGT contained
five rings. These results are in good agreement with ether
cleavage studies of GDGTs of 

 

C. symbiosum

 

 (9), which re-
vealed biphytanes with two and three cyclopentane rings
(structures II and III) as major components.

This major unknown GDGT is also the major GDGT in
water column particulate organic matter and marine sur-
face sediments (Fig. 2B, C) (3, 20), indicating that it is
probably also the dominant GDGT of the pelagic crenar-
chaeaota, which represent 20% of the picoplankton in the
ocean (4). This is in good agreement with earlier sugges-
tions based on ether cleavage products of GDGTs (i.e., II
and III) in the marine water column (8).

 

Isolation of the unknown GDGT

 

To fully elucidate the structure of this major unknown
GDGT, it was isolated and its structure was determined by
high-field 2D-NMR studies. As the source for isolation,

surface sediments of the Arabian Sea were chosen. These
sediments have a GDGT composition very similar to that
of 

 

C. symbiosum

 

 (Fig. 2), contain high amounts of this
GDGT, and are thus a good source for isolation

 

.

 

 By sol-
vent extraction, column chromatography over silica, and
preparative HPLC a fraction significantly enriched in the
unknown GDGT core membrane lipid was obtained.
From this fraction, the unknown GDGT was isolated by re-
petitive analytical HPLC, resulting in 

 

�

 

4 mg of isolate.
HPLC-APCI/MS of this fraction indicated that the un-
known GDGT was the only GDGT present in this fraction
and did not reveal any other impurities. Consequently,
this fraction was used for NMR studies.

For comparison of NMR data, GDGT-0 (I) and GDGT-4
(IV) were also isolated in high purity by HPLC from Ara-
bian Sea sediments and cells of the hyperthermophilic
crenarchaeon 

 

Sulfolobus acidocaldarius

 

, respectively. Both
GDGTs (but especially GDGT-4) share structural similari-
ties with the unknown GDGT of pelagic crenarchaeota
and 

 

13

 

C-NMR data have been reported for the biphytane
carbon skeletons of these components (21–23), thus as-
sisting in the identification of the unknown GDGT. How-
ever, no high-resolution 

 

1

 

H, 

 

13

 

C-NMR, and 2D-NMR corre-
lation techniques have been applied to the intact GDGTs.

 

Basic skeleton

 

The 

 

1

 

H-NMR spectrum is extremely complex even if
measured at 750 MHz. In the 3.4–3.7 ppm region multip-
lets representing 18 protons are observed (

 

Table 1

 

).
These represent the protons of the two glycerol units and
the first and ultimate methylene units of the biphytane
moieties bound via the ether linkages. The same signals
are observed in the 

 

1

 

H-NMR spectra of GDGT-0 and
GDGT-4 (

 

Table 2

 

). At 

 

�

 

2.2 ppm a broad singlet repre-
senting the two hydroxy groups is found. Between 0.82
and 0.88 ppm a complicated pattern of signals (mainly
doublets) occurs in total representing eleven methyl
groups. At 750 MHz, the resolution is high enough to sep-
arate a singlet at 

 

�

 

 

 

	

 

 0.836 ppm, representing one methyl
group, from a doublet at 

 

�

 

 

 

	

 

 0.844 ppm, representing
three methyl groups. In the 0.7–0.8 ppm region two “high-
field” protons are observed; the remaining protons are all
found in the 1.0–1.8 ppm region.

The 

 

13

 

C-NMR spectrum of the unknown GDGT shows
11 primary, 53 secondary, 21 tertiary, and 1 quaternary car-
bon atoms (Table 1). Attached proton test (APT), distor-
sionless enhancement by polarization transfer (DEPT)90,
and DEPT135 experiments were used to assess the multi-
plicity of carbon atoms. The 

 

13

 

C-NMR spectrum did not
show 86 resolved signals because many carbon atoms are
either strictly, or effectively, equivalent. Assignments of
the carbon atoms is partially based on literature data (22,
23) and the 

 

13

 

C-NMR data of GDGT-0 and GDGT-4, in
combination with an heteronuclear multiple quantum
correlation (HMQC) experiment. This established one
of the diether-bound biphytane moieties as structure II,
well known from the membrane lipids of hyperthermo-
philic crenarchaeota. The other proposed dibiphytanyl
moiety (structure III) (8, 11) is, however, inconsistent with

Fig. 2. Partial base peak chromatogram obtained by HPLC-atmo-
spheric pressure chemical ionization (APCI)/mass spectrometry
(MS) showing the distribution of GDGTs of (A) the H�-extract of
the non-(hyper)thermophilic archaeon Cenarchaeum symbiosum, (B)
the extract of water column suspended particulate matter obtained
from a station (17�42’N, 57�51’E; 1,000 m water depth) in the Ara-
bian Sea (20), and (C) the polar fraction of the solvent extract of
surface sediment (Netherlands Indian Ocean Program Site 311,
16�02’N, 52�46’E; water depth 1,087 m) from the Arabian Sea used
to isolate crenarchaeol. Key: 1, GDGT-0; 2, crenarchaeol; 3, GDGT-1,
4, GDGT-2; 5, isomer of crenarchaeol.
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the NMR data as it does not contain a quaternary carbon
atom. The 

 

13

 

C-NMR data, however, do match with the po-
sition of the two cyclopentane rings as in II (Table 1). The
presence of the quaternary carbon atom suggests that the
third ring in the second biphytanyl moiety is not a cyclo-
pentane (as in III) but a cyclohexane ring if we infer that
the additional ring is biochemically formed through ring
closure of a biphytanyl skeleton. This would also be consis-
tent with the observed methyl group at 

 

�

 

 

 

	

 

 0.836 ppm as a
singlet in the 

 

1

 

H-NMR spectrum, which is absent in the

 

13

 

C-NMR spectrum of GDGT-4 (

 

Fig. 3

 

). There are two pos-
sible structures (Va and Vb) for the second moiety
through ring closure of the biphytanyl chain. Both are
consistent with mass spectrometry data (11). Inverse long-
range heteronuclear multiple bond correlation (HMBC)
experiments enabled discrimination between these two
possibilities since the singlet at 

 

�

 

 

 

	

 

 0.836 ppm did not
show correlation with the neighboring carbon atom (i.e.,
A10

 




 

) of the cyclopentane ring, as would be expected for

skeleton Vb, but instead with carbon atom A16

 




 

 (Fig. 3).
The remaining NMR data (Table 1) are also in agreement
with this assignment. Furthermore, this structure is also in
better agreement with published MS data of the biphy-
tane moiety with three rings released after ether bond
cleavage (11) because cleavage of the C-C bond between
A15

 




 

 and A16

 




 

 explains why the fragment at 

 

m/z

 

 263 is rel-
atively abundant. This established that the abundant un-
known GDGT membrane lipid in pelagic crenarchaeota is
VI. We propose to call this component crenarchaeol, in
analogy to the nomenclature of other archaeal ether lip-
ids (24). Of the 86 carbon atoms of crenarchaeol, 23 are
chiral and below we will explore literature and our NMR
data to determine their stereochemistry.

 

Stereochemistry of the glycerol moieties and the acyclic 
chiral centers

 

A significant feature of archaeal ether lipids is that glyc-
erol is 

 

sn

 

-2,3-di-

 

O

 

-alkylated but not 

 

sn

 

-1,2-diacylated as in

 

TABLE 1. 13C- and 1H-NMR data of crenarchaeol (VI)

Carbon Shift

Carbon Numbera CH3 CH2 CH C Proton Shift

A1, B1
 70.09 3.48 (4H, t, J 	 6.9 Hz)
A1
, B1 68.56 3.55 (2H, m); 3.67 (2H, m)
A2, B2
 36.58 1.35 (2H, m); 1.60 (2H, m)
A2
, B2 37.03 1.39 (2H, m); 1.61 (2H, m)
A3, A3
, B3, B3
 29.71 1.53 (4H, m)
A4, A4
, B4, B4
 37.23 1.1 (4H, m); 1.24 (4H, m)
A5, A5
, B5, B5
 25.86 1.22 (4H, m); 1.29 (4H, m)
A6, A6
, B6, B6
 37.13 1.23 (8H, m)
A7, B7, B7
 39.08 1.79 (3H, m)
A7
 38.85 1.79 (1H, m)
A8, B8, B8
 33.36 ax: 1.05 (3H, m); eq: 1.77 (3H, dd, J 	 �12, �7 Hz)
A8
 33.30 ax: 1.05 (1H, m); eq: 1.77 (1H, dd, J 	 �12, �7 Hz)
A9, B9, B9
 31.18 ax: 1.12 (3H, m); eq: 1.74 (3H, dd, J	12.0, 6.7 Hz)
A9
 31.23 ax: 1.08 (1H, m); eq: 1.74 (1H, dd, J 	 12.0, 6.7 Hz)
A10, B10, B10
 44.74 1.69 (3H, qh, J 	 �8 Hz)
A10
 45.66 1.47 (1H, qh, J 	 �8 Hz)
A11, B11, B11
 38.18 1.23 (3H, m)
A11
 39.08 1.17 (1H, m)
A12, B12, B12
 35.68 1.02 (3H, m); 1.36 (3H, m)
A12
 32.11 ax: 0.72 [1H, dddd, J 	 13.0 (3�), 4.0 Hz]; eq: 1.74 (1H, m)
A13, B13, B13
 24.39 1.16 (3H, m); 1.36 (3H, m)
A13
 22.24 ax: 1.02 (1H, m); eq: 1.52 (1H, t)
A14 37.39 1.06 (1H, m); 1.25 (1H, m)
A14
 43.97 ax: 1.06 (1H, m); eq: 1.18 (1H, m)
B14, B14
 37.56 1.07 (2H, m); 1.30 (2H, m)
A15 33.54 1.32 (1H, m)
A15
 33.04 —
B15, B15
 33.07 1.34 (2H, m)
A16 29.97 1.08 (1H, m); 1.18 (1H, m)
A16
 37.64 1.07 (1H, m); 1.30 (1H, m)
B16, B16
 34.22 1.10 (2H, m); 1.26 (2H, m)
A17
, B17 19.74 0.886 (6H, d, J 	 6.6 Hz)
A17, B17
 19.74 0.879 (6H, d, J 	 6.6 Hz)
A18, B18, B18
 35.93 1.28 (3H, m); 1.39 (3H, m)
A18
 36.43 1.33 (2H, m)
A19, B19, B19
 17.73 0.843 (9H, d, J 	 7.0 Hz)
A19
 43.94 ax: 0.70 (1H, dd, J 	 12.5, 12.5 Hz); eq: 1.39 (1H, m)
A20 19.93 0.857 (3H, d, J 	 6.5 Hz)
A20
 22.39 0.836 (3H, s)
B20, B20
 19.93 0.853 (6H, d, J 	 6.6 Hz)
C1, C1
 63.06 3.61 (2H, bdd, J 	 �6, �11 Hz); 3.72 (2H, bdd, J 	 �11, �4 Hz)
C2, C2
 78.36 3.52 (2H, quasi p, J �5 Hz)
C3, C3
 71.11 3.47 (2H, dd, J 	 9.2, 5.0 Hz); 3.54 (2H, dd, J 	 9.2, 5.0 Hz)

a Numbering refers to Fig. 1.
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bacteria and eukaryotes. The unusual (R) configuration at
the sn-2 position has been confirmed in case of the
GDGTs of Sulfolobus acidocaldarius by appropriate incorpo-
ration experiments (25). The NMR data (both chemical
shift and splitting pattern) of crenarchaeol, GDGT-0, and
GDGT-4 (Table 3) of the protons and carbon atoms of the
glycerol units and the ultimate and penultimate carbon at-
oms of the biphytanyl moieties and their attached protons
are identical. This indicates that the stereochemistry of
the glycerol units of crenarchaeol is the same as in GDGT-4
of Sulfolobus acidocaldarius and, thus, (R), as all other ar-
chaeal diethers and GDGTs.

Heathcock et al. (26) have established the full stereo-
structure of GDGT-0 [2,3,2
,3
-tetra-O-di-(3R,7R,11S,15S,
18S,22S,26R,30R-3,7,11,15,18,22,26,30-octamethyldotria-
contanyl)-di-sn-glycerol; I]. Since all cyclopentane ring-
containing GDGTs are biosynthesized by internal cyc-
lization reactions of GDGT-0 (I), it is assumed that the
remaining acyclic stereocentres in cyclopentane-contain-
ing GDGTs are also as in I (23). This assumption is also
likely for crenarchaeol. This establishes the stereocentres
of A3, A11, A3
, A15
, B3, B11, B3
, B11
 as (R) and A15,
B15, and B15
 as (S). Note that due to changes in the pri-
orities of the groups on chiral carbon atoms according to
the Cahn-Ingold-Prelog convention, the naming of the
configuration may be different although the absolute ste-
reochemistry remains the same.

Stereochemistry of the cyclopentane rings
The absolute stereochemistry of the cyclopentane-ring

has not yet been established. De Rosa et al. (22) reported,

on basis of the chemical shifts of the carbon atoms of the
cyclopentane rings in comparison with 13C-NMR data of
dimethylcyclopentanes (27), that the 1,3-substitution pat-
tern of the cyclopentane ring in archaeal GDGTs is proba-
bly trans.

To determine the full stereochemistry of the cyclopen-
tane rings, it was decided to first concentrate on the sym-
metrical GDGT-4 (IV), where no interference of signals
from the cyclohexane ring occurs. HMQC, HMBC, COSY,
and total correlation spectroscopy (TOCSY) experiments
resulted in the assignment of all protons of the cyclopen-
tane rings (Table 2). The two protons of both the A8 and
A9 methylene groups showed a large difference (0.6–0.7
ppm) in chemical shift, whereas this difference for the
two protons of the A18 methylene unit was only small
(�0.1 ppm) (Table 2). This suggested for the protons at
A8 and A9 a situation comparable to that of cyclohexane
rings, where the chemical shifts of protons strongly de-
pend on their axial or equatorial position: the axial pro-
tons often resonate at much higher field than their equa-
torial counterparts. On the other hand, the protons at
A18 seem to be more in eclipsed than in staggered posi-
tions. This assignment is, however, complicated by the fact
that much conformational freedom exists in the cyclopen-
tane compared with the cyclohexane ring. Therefore, we
simulated the conformation of GDGT-4 using molecular
dynamics and determined the average torsion angle of the
protons and alkyl substituents of the cyclopentane ring.
The results show that i) there is indeed a significant de-
gree of conformational freedom in the cyclopentane ring
and ii) the protons at A8 and A9 have a pronounced ax-

TABLE 2. 13C- and 1H-NMR data of glycerol dibiphytanyl glycerol tetraether-4 (IV)

Carbon Shift

Carbon Numbera CH3 CH2 CH Proton Shift(s)

A1, B1
 70.07 3.47 (4H, t, J 	 6.8 Hz)
A1
, B1 68.58 3.55 (2H, ddd, J 	 9.3, 7.0, 7.0 Hz); 3.67 (2H, ddd, J 	 9.3, 7.5, 6.0 Hz)
A2, B2
 36.57 1.35 (2H, m); 1.61 (2H, m)
A2
, B2 37.05 1.39 (2H, m); 1.61 (2H, m)
A3, A3
, B3, B3
 29.74b 1.53 (4H, m)
A4, A4
, B4, B4
 37.22b 1.10 (4H, m); 1.23 (4H, m)
A5, A5
, B5, B5
 25.86b 1.22 (4H, m); 1.29 (4H, m)
A6, A6
, B6, B6
 37.11b 1.23 (8H, m)
A7, A7
, B7, B7
 39.08 1.79 (4H, m)
A8, A8
, B8, B8
 33.36 ax: 1.06 (4H, m); eq: 1.77 (4H, dd, J 	 �12, 7.8 Hz)
A9, A9
, B9, B9
 31.19 ax: 1.12 (4H, m); eq: 1.73 (4H, dd, J 	 12.2, 6.8 Hz)
A10, A10
, B10, B10
 44.76 1.68 (4H, qh, J 	 �8 Hz)
A11, A11
, B11, B11
 38.18 1.24 (4H, m)
A12, A12
, B12, B12
 35.67 1.02 (4H, m); 1.37 (4H, m)
A13, A13
, B13, B13
 24.39 1.14 (4H, m); 1.36 (4H, m)
A14, A14
, B14, B14
 37.58 1.05 (4H, m); 1.26 (4H, m)
A15, A15
, B15, B15
 33.08 1.34 (4H, m)
A16, A16
, B16, B16
 34.23 1.09 (4H, m); 1.24 (4H, m)
A17
, B17 19.75 0.89 (6H, d, J 	 6.7 Hz)
A17, B17
 19.75 0.88 (6H, d, J 	 6.6 Hz)
A18, A18
, B18, B18
 35.94 1.30 (4H, m); 1.40 (4H, m)
A19, A19
, B19, B19
 17.72 0.836 (12H, d, J 	 6.8 Hz)
A20, A20
, B20, B20
 19.89 0.845 (12H, d, J 	 6.7 Hz)
C1, C1
 63.08 3.61 (2H, ddd, J 	 11.2, 6.5, 6.5 Hz); 3.71 (2H, ddd, J 	 11.2, 7.0, 4.0 Hz)
C2, C2
 78.37 3.51 (2H, pseudo p, J �5 Hz)
C3, C3
 71.13 3.47 (2H, dd, J 	 9.3, 4.8 Hz); 3.54 (2H, dd, J 	 9.3, 4.8 Hz)

a Numbering refers to Fig. 1.
b Average of two signals (see Table 3).
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ial/equatorial character, whereas the torsion angles of the
two protons at A18 with the ring are similar (Fig. 4A), con-
sistent with our assignments of the NMR signals. The
shifts of protons at the more substituted, tertiary carbon
atoms A7 and A10 are at 1.79 and 1.68 ppm, respectively,
not allowing any conclusion on whether they are axially or
equatorially substituted.

A definite stereochemical assignment was revealed by a
nuclear Overhauser effect spectroscopy (NOESY) experi-
ment, which showed nuclear Overhauser effect (NOE) in-
teractions of the proton at A10 with the axial proton at A9
and one of the protons at A18, and NOE interaction of
the proton at A7 with the axial proton at A8 and the other
proton at A18 (Fig. 4B). This proved that the stereochem-
istry of the cyclopentane ring is indeed trans, as suggested
by DeRosa et al. (22). The full stereochemistry is subse-

quently determined by the original stereochemistry of
GDGT-0 (26), in combination with the fact that biosynthe-
sis of cyclopentane moieties in GDGTs occurs through in-
ternal cyclization (22): only one of the two possible ring
closures results in an 1,3-alkyl trans substituted cyclopen-
tane ring. This stereochemical assignment is confirmed by
the observed coupling constants for the equatorial pro-
tons at A8, A9, and the proton at A10 (Table 2). This es-
tablishes the stereochemistry at the chiral centers A7 and
A10 to be (S).

Based on these assignments, the stereochemistry of the
cyclopentane rings of crenarchaeol was assessed to be
identical to those in GDGT-4. All the protons and carbon
atoms resonate at identical field strength (Tables 1 and 2),
except those of the cyclopentane ring attached to the cy-
clohexane ring. In this cyclopentane ring, most chemical

Fig. 3.  Heteronuclear multiple bond correlation (HMBC) experiments (at 750 MHz) for GDGT-4 (left panel) and crenarchaeol (right
panel). A selected range of the spectrum is displayed to show the correlations between the methyl groups and specific carbon atoms. Partial
proton spectra (750 MHz) and attached proton test (APT) (125 MHz) spectra are plotted above and beside, respectively, the contour plot.
Peak labeling refers to carbon numbering indicated in Fig. 1. Correlations between methyl groups and carbon atoms are indicated by stip-
pled lines. In the HMBC spectrum of crenarchaeol, only the correlations of the methyl groups different from those in GDGT-4 (A20 and
A20
) are indicated.

TABLE 3. 13C shifts (125 MHz) of selected carbon atoms of the four isolated GDGTs

Carbon Atom GDGT-0 GDGT-4 GDGT-4
 Crenarchaeol

A1, B1
 70.09 70.07 70.06 70.07; 70.11
A1
, B1 68.60 68.58 68.58 68.56
A2, B2
 36.58 36.57 36.55 36.57; 36.59
A2
, B2 37.06 37.05 37.03
A3, A3
, B3, B3
 29.80; 29.84 29.71; 29.77 29.75 29.67; 29.68; 29.75
A4, A4
, B4, B4
 37.34 37.19. 37.25 37.25 37.18; 37.21; 37.26; 37.29
A5, A5
, B5, B5
 24.37 25.85; 25.87 25.87 25.84; 25.88
A6, A6
, B6, B6
 37.37 37.12; 37.14 37.13 37.13
A17, A17
, B17, B17
 19.76 19.75 19.75 19.71; 19.75; 19.76;19.78
C1, C1
 63.09 63.08 63.06 63.06
C2, C2
 78.35 78.37 78.34 78.35; 78.36
C3, C3
 71.07 71.13 71.11 71.11; 71.12
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shifts are also identical except for the shift of the proton
at carbon atom A10
, which is at slightly higher field (1.47
ppm vs. 1.68 ppm in GDGT-4). This is attributed to the at-
tached cyclohexane ring, which forces the proton in a
slightly more “axial” position.

Stereochemistry of the cyclohexane ring
A prominent feature in the 1H-NMR data of crenar-

chaeol are the two high-field protons, which are absent in
the spectrum of GDGT-4, and obviously related to the
presence of the cyclohexyl moiety. The assignment of
these high-field protons is based on COSY, TOCSY,
HMQC, and HMBC correlations. The proton at � 	 0.70
represents a quasi triplet with a coupling constant of J 	
12.5 Hz. This signal must be assigned to the axial proton
at A19
; in addition to the relatively large geminal cou-
pling there must be an equally large, axial-axial coupling
with the proton at carbon atom A11
. The other high field
proton absorbs at � 	 0.72 and forms a quasi-double quar-
tet with coupling constants J 	 13.0 and 4.5 Hz. This is the
axial proton at carbon atom A12
, which couples with the
axial protons at A11
 and A13
, the geminal proton (all
with large coupling constants of �13 Hz), and with the
equatorial proton at carbon atom A13
 with a much
smaller coupling constant. The proton at carbon atom
A11
 absorbs at � 	 1.17 and is not well resolved from
other signals. However, in 2D-NMR spectra it shows up as
a double doublet with two relatively large coupling con-
stants, in agreement with this assignment. Coupling with
the proton at carbon atom A10
 is only weak, indicating
that the dihedral angle is probably close to 90�C. These re-

sults indicate that the cyclopentane ring is equatorially
substituted at carbon atom A11
 and that the stereochem-
istry at position A11
 is thus (S).

The stereochemistry at position A15
 follows from two
observations. First, the chemical shift of the methyl group
at A15
 (A20
) in the 13C-NMR spectrum is at relatively low
field (22.39 ppm), indicative for equatorially substituted
methyl groups of cyclohexane rings (28). Second, remark-
ably, both axial protons at carbon atoms A14
 and A19

show a strong long-range (four bonds) correlation with
methyl group A20
 in the COSY spectrum. This estab-
lished the (R) stereochemistry at A15
.

The stereochemistry of the cyclohexane ring is consis-
tent with its presumed biosynthetic formation through
ring closure via A15
 and A19
; the resulting stereochemis-
try is “inherited” from the stereochemistry of the GDGT-0
(I) precursor. This also determines the equatorial/axial
positions of the alkyl substituents of the cyclohexane ring.
If the cyclohexane ring is in the more stable chair configu-
ration, this fits with the stereochemical configuration of the
cyclohexane ring in crenarchael as determined by NMR.

Regioisomerism
It has been assumed for a long time that archaeal

GDGTs were characterized by an antiparallel arrangement
of glycerol units as in I (29). However, Gräther and Ari-
goni (30) showed by selective chemical degradation for
three archaeal species that GDGT-0 is in fact a 1:1 mixture
of the regioisomeric components I and VII.

During isolation of GDGT-4 from S. solfataricus, a frac-
tion enriched in a less abundant, slightly later eluting (13)
(�35% of GDGT-4) isomer (GDGT-4
) was also isolated.

Fig. 4. A: Average (over four rings) torsion angles of substituents of the cyclopentane rings in GDGT-4 calculated by molecular dynamics.
The standard deviation is indicated. Because the cyclopentane ring is not planar but is in an “envelope” form, two torsion angles have to be
taken into account. The calculations indicate that the protons of carbon atoms A8 and A9 are in equatorial-like and axial-like positions. B:
The calculated 3D-structure of the “average” cyclopentane partial stucture in GDGT-4. Indicated are the nuclear Overhauser effect spectros-
copy interactions which determine the trans substitution of the alkyl side-chains.
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This isomer had virtually identical 1H- and 13C-NMR spec-
tra, indicating that the four cyclopentane rings must be in
the same position and have the same stereochemistry. De-
tailed comparison of the 13C data indicated, however, a
subtle difference; the carbon atoms A3, A4, A5, and A6
showed two signals in case of GDGT-4 but only one in case
of GDGT-4
 (Table 3). This observation led us to the con-
clusion that GDGT-4 is the antiparallel isomer whereas
GDGT-4
 is the parallel isomer. This latter isomer has a
plane of symmetry and only one stereoisomer exists. For
GDGT-4 there is no plane of symmetry and its mirror image
is therefore different. This explains why for some carbon at-
oms two close but not identical signals are observed.

For crenarchaeol an even more complicated situation
exists since for some carbon atoms even four different sig-
nals are observed (Table 3). This indicates that the iso-
lated isomer probably has the antiparallel configuration
of glycerol units like in GDGT-4. Indeed, a minor isomer
of crenarchaeol (presumably the parallel regioisomer)
elutes later on the HPLC column, just as with GDGT-4 and
GDGT-4
. In case of crenarchaeol there are, however, two
additional regioisomers (VI and VIII) both with the anti-
parallel configuration of glycerol units, since the two bi-
phytanyl chains in crenarchaeol are not the same, result-
ing in four stereoisomers. This explains the even more
complex 13C-NMR spectrum.

DISCUSSION

Our results establish, for the first time, the presence of
a cyclohexyl ring in archaeal membrane lipids. Like the
cyclopentane rings, this cyclohexane ring is also formed
by internal cyclization of one of the biphytane chains. We
have hypothesized that the formation of the cyclohexane
ring is an adaption of the membrane lipids of hyperther-
mophilic archaea to relatively cold conditions in the open
ocean (3, 31). It is well known that the presence of cyclo-
pentane rings in GDGTs has a pronounced effect on the
thermal transition points of cell membranes composed of
GDGTs (7, 32). Consequently, hyperthermophilic archaea
adjust the physical characteristics of their membranes to
higher temperatures by increasing the number of cyclo-
pentane rings. Our assessment of the stereochemistry at
the 23 chiral centers of crenarchaeol now enables us to
determine the influence of the additional cyclohexane
ring on the 3D-structure and thus the physical properties
of crenarchaeol. The 3D-structure of the energy-mini-
mized crenarchaeol (Fig. 5A) shows that the cyclohexane
moiety is some sort of bulge of one of the alkyl side
chains. This bulge seems to prevent dense packing biphy-
tanyl chains in the GDGT membranes of marine crenar-
chaeota.

To confirm this idea, we simulated GDGT membranes

Fig. 5. A: Energy-minimized 3D-structure of a crenarchaeol lipid monomer showing the misalignment of
the cyclohexane ring. The molecular dynamics simulations indicate that introduction of this cyclohexane
ring causes a decrease in membrane density, which could aid the non-thermophilic crenarcheaota in surviv-
ing at lower temperatures. Oxygen atoms are depicted in red, the cyclohexane ring in blue. B: Snapshot
from the molecular dynamics simulation on the crenarchaeol lipid membrane. The snapshot shows the peri-
odic cell, containing 3 � 3 lipid monomers, and the cell boundaries in the y- and z-directions (parallel to the
membrane). Hydrogen atoms were removed from the figure to enhance its clarity. Carbon atoms are de-
picted in dark gray, oxygen in red and phosphorus atoms in orange.



1650 Journal of Lipid Research Volume 43, 2002

using molecular dynamics and calculated the average
GDGT volume. Indeed, the calculated yz-surface area of
the 3 � 3 GDGT cell (see experimental for details of
method; Fig. 5B) for crenarchaeol (526.6 � 0.9 Å2) is
larger than the corresponding area of a membrane com-
prised of GDGT-4 (515.9 � 0.3 Å2) and the membrane vol-
ume is thus higher. The less dense packing of biphytanyl
chains in the GDGT membranes of marine crenarchaeota
likely results in a lower thermal transition point of the
membrane. Such a membrane would indeed be more suit-
able for archaea living at relatively cold temperatures.
Therefore, the stereochemical structure of crenarchaeol
is consistent with the idea that marine crenarchaeota
evolved from (hyper) thermophilic archaea in the mid-
Cretaceous (31). They inherited the biosynthetic capabil-
ity to produce a membrane composed of cyclopentane
ring-containing GDGTs produced from the (hyper)ther-
mophilic archaea. However, to cope with the much
lower temperature of the ocean, a small but key step in
their evolution may have been the adjustment of the
membrane fluidity by making a kink in one of the bicy-
clic biphytanyl chains by the formation of a cyclohexane
ring.

This inferred evolutionary adaptation of membrane
fluidity has not only resulted in the development of a
dominant group of archaea but of microorganisms in
general. Marine pelagic crenarchaeota probably repre-
sent one of the most abundant clades of microorganisms
on earth. Their estimated total cell number in the
oceans (1.3·1028) is �40% of the estimated total number
of all bacteria in the ocean (4). This indicates that the
oceans also contain a massive amount of crenarchaeol.
We have recently estimated that one crenarchaeal cell
contains 1·10�3pg GDGT (20). This indicates that the
oceans contain 13 Mt GDGT, of which �50% (6.5 Mt) is
comprised of crenarchaeol. Together with GDGT-0, cre-
narchaeol is by far the most abundant GDGT in the bio-
sphere, much more abundant than the cyclopentane-
containing GDGT’s derived from (hyper) thermophilic
archaea.
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