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Nematodes were found to synthesize phosphorylcholine-containing molecules not
present in higher organisms, i.e. phosphorylcholine-substituted glycosphingolipids
and (glyco)proteins. Investigations on the biosynthesis of these structures provided
first biochemical evidence for the presence of the Kennedy and Bremer-Greenberg
pathways in the model organism Caenorhabditis elegans.

Nematodes can be divided into plant- and
animal-parasitic as well as free living species.
Due to their life cycles, they have to adopt to
different environmental conditions. Since the
cuticle of parasitic nematodes is the
phospholipid-rich interface of these organ-
isms with their environment, knowledge on
the composition and biosynthesis of this
structure might help to understand their re-
sistance towards environmental changes

(Smith et al., 1996). In addition to the choline-
bearing molecules found in vertebrates, e.g.
phosphatidylcholine (Ptd-Cho), sphingomy-
elin (SM), acetylcholine and platelet-activat-
ing factor (PAF) as well as their metabolic in-
termediates, nematodes contain phosphoryl-
choline (PCho) and, in part, phosphoryletha-
nolamine (PEtn)-substituted glycosphingo-
lipids as well as PCho-conjugated (glyco)pro-
teins (Lochnit et al., 2000). The glyco-
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sphingolipid bound PCho-epitopes can be re-
garded as phylogenetic markers of nematodes
(Wuhrer et al., 2000). Furthermore,
PCho-substituted antigens were found to be
potent immunomodulatory molecules (Har-
nett & Harnett, 1999; 2001). Whereas the
biosynthesis of Ptd-Cho in mammals is quite
well understood (Vance, 1989), that of the
glycosphingolipid- and (glyco)protein-based
PCho-epitopes in nematodes remains unclear.
Neither the donor for the PCho-substituents
nor the involved transferases have been iden-
tified so far, although the transfer of PCho to

enzymatic methylation using S-adenosyl-
methionine (SAM) as methyl group donor
(Bremer-Greenberg pathway). Ptd-Etn can be
formed either via ethanolamine, PEtn and
CDP-Etn or by decarboxylation of phospha-
tidylserine (Ptd-Serine; see Fig. 1).
Amongst the helminths (nematodes,
cestodes and trematodes), the presence of
both pathways has been demonstrated for the
filariid Dirofilaria immitis (Srivastava & Jaffe,
1985), whereas only the Kennedy pathway
was found in the parasitic trematodes
Fasciola hepatica and Schistosoma mansoni
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Figure 1. Kennedy and Bremer-Greenberg pathways.

Open reading frames of putative enzymes from C. elegans are indicated. AHC, adenosylhomocysteine; DAG,

diacylglycerol.

glycosphingolipids and (glyco)proteins might
represent a novel target for chemotherapy
against these parasites.

For the formation of Ptd-Cho, two biosyn-
thetic routes have been reported to exist: (a)
the incorporation of choline via PCho and
CDP-choline (Kennedy pathway) and (b) the
conversion of Ptd-Etn to Ptd-Cho by stepwise

(Oldenberg et al., 1975; Young & Podesta,
1982). The genome of the model nematode C.
elegans contains, based on homology search,
several putative genes for the enzymes of the
Kennedy and Bremer-Greenberg pathway
(see Fig. 1; http://www.wormbase.org). In-
vestigations on the phospholipids of
C. elegans, however, have been focused in the
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past mainly on their fatty acid compositions
(Satouchi et al., 1993; Tanaka et al., 1999),
whereas studies on the biosynthesis of these
compounds have been restricted, so far, to
cloning and characterization of a
CTP:phosphorylcholine cytidylyltransferase
from this worm (Friesen et al., 2001).

MATERIALS AND METHODS

Axenic cultivation of C. elegans. For
biosynthetic studies we established an axenic
culture of C. elegans (Vanfleteren, 1978). Cul-
tivated in a completely chemically defined me-
dium, the worms need approx. 6-7 days to
complete their life cycle.

Metabolic labelling of C. elegans. Worms
were cultivated for 7 days in the presence of
[methyl-'*Clcholine, [methyl-**C1PCho,
[methyl-**C]CDP-choline or [methyl-'*CISAM
(106 c.p.m./ml each), harvested and homoge-
nized. A two-step, phase-separation protocol
was used for isolation and analysis of meta-
bolic intermediates (Houston et al., 2002)
which included a Bligh and Dyer partition
(Bligh & Dyer, 1959) followed by a butanol ex-
traction of the dried methanol/water phase.
Radiolabelled phospholipids were recovered
in the chloroform phases.

Isolation of microsomal fractions. To fur-
ther characterize enzymes involved in the
Kennedy pathway, we prepared microsomal
fractions from C. elegans. Worms were ho-
mogenized in GTE-buffer (20% glycerol, 50
mM Tris/HCL, pH 7.4, 1 mM EDTA) and the
extract was centrifugated at 16000 X g for 10
min. The supernatant was further centri-
fugated at 130000 X g for 45 min and the
microsomal pellet was resuspended in GTE
buffer.

Cholinephosphotransferase assay. For
the cholinephosphotransferase assay, 20 ul of
microsomal suspension (containing 100 ug
protein) was added to 20 ul of 50 mM
Tris/HCIl, pH 8.5, containing 10 mM MgCl,,
0.5 mM EGTA, 2.4 mM sn-1,2-diolein and

22000 c.p.m. [1*CICDP-choline (Cornell,
1992). After 15 min at 37°C the reaction was
stopped by adding 1.5 ml methanol/chloro-
form (2:1, v/v) and the reaction mixture was
subjected to a Bligh and Dyer phase separa-
tion (Bligh & Dyer, 1959).

RESULTS AND DISCUSSION

C. elegans was cultivated in axenic medium.
In contrast to monoxenic cultures with Esche-
richia coli as food source, this cultivation
avoids the presence of a metabolically inter-
fering organism. Results from feeding and in-
hibition experiments can, therefore, be di-
rectly attributed to C. elegans.

Worms were cultivated for 7 days in the
presence of the radiolabelled precursors
[14Clcholine, [1*C]PCho, [1*CICDP-choline or
[14C]SAM, harvested, homogenized and sub-
jected to a two-step phase-separation proto-
col. TLC-separation of the metabolites and io-
dine staining revealed the presence of
Ptd-Etn, Ptd-Cho and SM in the chloroform
phase. Subsequent autoradiography revealed
the presence of [14C]choline in Ptd-Cho and
SM in all four labelling experiments (see Fig.
2) in comparable amounts, thus demonstrat-
ing the presence of both the Kennedy and the
Bremer-Greenberg pathway in C. elegans.

To further characterize enzymes involved in
the Kennedy pathway, we prepared micro-
somal fractions from C. elegans and per-
formed a cholinephosphotransferase assay.
Analysis of the products revealed the synthe-
sis of radiolabelled phosphatidylcholine. The
choline phosphotransferase activity could be
inhibited by farnesol (10-160 uM) in a
dose-dependent manner to approx. 60% (see
Fig. 3). This type of inhibition has been also
reported for the mammalian cholinephos-
photransferase (Miquel et al., 1998).

In conclusion, these data demonstrate that
C. elegans can take up choline, PCho,
CDP-Cho as well as SAM and can use these
metabolites as substrates for Ptd-Cho bio-
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Figure 2. Analysis of radioactive labelled

phospholipids from C. elegans.

Worms were cultivated in the presence of [14C]choline
(ane 1), [**C1PCho (ane 2), [*CICDP-Cho (lane 3) or
[14C]SAM (lane 4). After phase separation, aliquots of
the chloroform phase were separated on TLC-plates
and phospholipids were visualized either by staining
with iodine (A) or by autoradiography (B).

synthesis. The fact that SAM leads to the
incorporation of radioactivity into Ptd-Cho in
comparable amounts as the other labelled
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Figure 3. Inhibition of cholinephosphotransfe-
rase by farnesol in C. elegans microsomes.

compounds indicates that the Bremer-
Greenberg pathway plays an important role
in choline metabolism of this model organ-
ism. The presence of two biosynthetical path-
ways for the synthesis of Ptd-Cho might be ad-
vantageous for the nematodes by rendering
the worms independent from the uptake of
choline from the environment. Furthermore,
this might explain, that RNA interference ex-

periments targeting the cholinephospho-
transferase (T08B2.5) did not show any phe-
notype (Fraser et al., 2000) in C. elegans. This
model organism can, therefore, be also con-
sidered as an excellent system to study
phospholipid biosynthesis and metabolism.

The authors thank F. Busch, M. Schwinn
and D. Zimmer for excellent technical assis-
tance.
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