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DMSP, an important compatible solute of many marine algae, can be metabolised
by bacteria via cleavage to dimethylsulfide and acrylate or via an initial
demethylation. This is the first report on the purification of an enzyme that
specifically catalyzes the demethylation of DMSP. The enzyme was isolated from
the sulfate-reducing bacterium strain WN, which grows on DMSP and
demethylates it to MTPA. DMSP:THF methyltransferase from strain WN was
purified 76-fold [to a specific activity of 40.5 µmol.min-1(mg protein)-1]. SDS
polyacrylamide gel electrophoresis showed two bands of approximately 10 and 35
kDa; in particular the 35 kDa polypeptide became significantly enriched during
the purification. Storage of the purified fraction at -20 oC under nitrogen resulted
in a 99 % loss of activity in two days. The activity could be partially restored by
addition of 200 µM cyanocobalamin, hydroxocobalamin or coenzyme B12. ATP
did not have any positive effect on activity. Reduction of the assay mixture by
titanium(III)nitrilotriacetic acid slightly stimulated the activity. Gel filtration
chromatography revealed a native molecular mass between 45 and 60 kDa for the
DMSP:THF methyltransferase. The enzyme was most active at 35 oC and pH 7.8.
Glycine betaine, which can be considered an N-containing structural analog of
DMSP, did not serve as a methyl donor for DMSP:THF methyltransferase.
Various sulfur-containing DMSP-analogs were tested but only
methylethylsulfoniopropionate served as methyl donor. None of these compounds
inhibited methyl transfer from DMSP to THF. Strain WN did not grow on any of
the sulfur-containing DMSP-analogs.

Keywords: Dimethylsulfoniopropionate - Methyltransferase - Sulfate-reducing
bacteria

Introduction

During the past ten years considerable progress has been made in the understanding of
the bacterial metabolism of DMSP [(CH3)2-S

+-CH2-CH2-COO-]. DMSP is an important
compatible solute in many marine algae and some plants. Its metabolism can be
initiated by a cleavage reaction yielding dimethylsulfide and acrylate or by a
demethylation. DMSP lyases have been purified from a number of bacterial strains (de
Souza and Yoch 1995a; van der Maarel et al. 1996a) but data on purified enzymes that
specifically catalyze the demethylation of DMSP are not available. The product of the
first demethylation reaction is MTPA (CH3-S-CH2-CH2-COO-); this compound is also
of interest as a flavor precursor (Hansen and van der Maarel 1998). Both aerobic (e.g.
González et al. 1999; Kiene et al. 2000) and anaerobic bacteria that can demethylate
DMSP are known. Certain representatives of the Desulfobacterium/Desulfobacter
cluster of the the delta-Proteobacteria have been identified as important DMSP-
demethylating bacteria in marine sediments (van der Maarel et al. 1996b). These
anaerobic, sulfate-reducing bacteria, including our strain WN, stoichiometrically
convert DMSP to MTPA which is not degraded further. No data are available on the
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mechanism of DMSP demethylation in aerobic bacteria. In this domain, however,
considerable progress has been made in work with anaerobic bacteria from marine
sediments. Cell extracts of DMSP-grown sulfate reducers were shown to possess rather
high activities of an oxygen-labile enzyme (or enzyme system) that catalyzes methyl
transfer from DMSP to THF, yielding MTPA and methyl-THF (Jansen and Hansen
1998). Methyl-THF is an intermediate in the oxidative acetyl CoA/CO dehydrogenase
pathway (see, for example, Widdel and Hansen 1992); oxidation of the methyl group to
CO2 is thought to proceed via this pathway.

The objective of the work described here was the purification and
characterization of the methyltransferase involved in the demethylation of DMSP in the
sulfate-reducing bacterium strain WN. This is the first report on the purification of an
enzyme that specifically catalyzes the demethylation of DMSP.

Material and methods

Organism, cultivation, cell extract preparation, and enzyme assay. Strain WN
from our laboratory collection (Van der Maarel et al 1996b) was grown in 23-l glass
vessels which, under a gas phase of N2/CO2 (80/20% v/v), contained 20 l medium 383
(without CaCl2) as described in the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (1993) Catalogue of Strains, supplemented with yeast extract (0.025%)
and 7 mM DMSP. The vessels were inoculated (5% v/v) with cultures grown in similar
media. After 3-4 days of incubation at 28 0C, cells were harvested by centrifugation
(8000g at 40C) and washed twice in 50 mM potassium phosphate buffer (pH 7.2)
containing 2 mM dithiothreitol, 21 g NaCl/l, and 3.0 g MgCl2 ⋅ 6H2O/l. Cells were
suspended in 10 mM potassium phosphate buffer without NaCl and MgCl2. Cell
extracts (10-30 mg protein/ml) were prepared using a French Pressure cell under
anoxic conditions as described by Hensgens et al. (1993). The methyltransferase assays
were performed according to Jansen and Hansen (1998). One unit of activity is the
amount of enzyme that forms 1 µmol of CH3-tetrahydrofolate per min.

Purification of the DMSP:THF methyltransferase. Throughout the purification
an anaerobic chamber, equipped with a palladium catalyst (R020; BASF,
Ludwigshafen, Germany) and containing an atmosphere of N2:H2 (approximately 95:5,
v/v), was used to prevent rapid loss of activity which occurred with cell extracts under
aerobic conditions (Jansen and Hansen 1998). Cell extract (50 ml) was loaded onto a
Q-Sepharose XL (Pharmacia) column (16 by 2.6 cm; cooled to 40C) and equilibrated
with 10 mM potassium phosphate buffer (pH 7.2) containing 2 mM dithiothreitol at a
flow rate of 3.0 ml/min. The column was eluted (3.0 ml/min) with a linear gradient of
0-0.5 M KCl (500 ml). Activity eluted between 250-350 mM KCl, and fractions with
250-310 mM KCl (56 ml) were pooled. The Q-Sepharose pool was subjected to 40%
ammonium sulfate precipitation by slowly adding ammonium sulfate crystals under
gentle stirring at 4 0C. After 45 min the suspension was anaerobically centrifuged (48
000g; 30 min at 40C) and the supernatant was applied to a Phenyl Sepharose CL-4B
(Pharmacia) column (20 by 1.6 cm; 40C) equilibrated with 1 M ammonium sulfate. The
column was eluted with a linear gradient of 1 to 0.4 M ammonium sulfate (100 ml) at a
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flow rate of 1.5 ml/min and then with buffer lacking ammonium sulfate. Activity
eluted from 75 mM to 0 mM ammonium sulfate and was pooled. This pool (7.5 ml)
was applied to a hydroxyapatite (BioRad) column (10 by 1.6 cm; 40C; flow rate 1.0
ml/min). The column was eluted with a linear gradient (100ml; 10-500 mM potassium
phosphate pH 7.2 containing 2 mM dithiothreitol). Activity eluted between 150-200
mM potassium phosphate.

Gel filtration chromatography. A Sephacryl S-300 HR (Pharmacia) column
(1.6 by 30 cm) was used in an anaerobic chamber. Cell extract or Phenyl Sepharose
CL-4B pool (1 ml; 4.9 and 0.39 mg protein, respectively) was loaded on the column
(flow rate 1.0 ml/min) equilibrated with 10 mM potassium phosphate buffer (pH 7.2)
plus 2 mM dithiothreitol. Molecular mass standards (BioRad) included thyroglobulin
(670.0 kDa), gamma globulin (158.0 kDa), ovalbumin (44 kDa), myoglobin (17 kDa),
and vitamin B12 (1.35 kDa); they were run under the same conditions.

Analytical procedures. Tetrahydrofolate and methyltetrahydrofolate were
separated by HPLC according to Stupperich and Konle (1993); the eluate was
monitored at 280 nm. DMSP concentrations were determined as acrylate after
conversion to dimethylsulfide and acrylate by overnight treatment with 1 M NaOH
(White 1982). Acrylate and MTPA were analyzed by HPLC using a C18 column
(Jansen and Hansen 1998). Protein was measured according to Bradford (1976) using
the BioRad reagent, with bovine serum albumin as a standard. Denaturing
polyacrylamide gel electrophoresis (12.5% acrylamide) was done according to
Laemmli (1970) with 0.1% sodium dodecyl sulfate using the mini-Protean II
electrophoresis system of BioRad. Molecular mass markers (BioRad) were myosin
(200.0 kDa), β-galactosidase (116.25 kDa), phosphorylase B (97.4 kDa), serum
albumin (66.2 kDa), ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), trypsin
inhibitor (21.5 kDa), lysozyme (14.4 kDa), and aprotinin (6.5 kDa). Gels were stained
with 0.1 % Coomassie brilliant blue G-250.

Chemicals. DMSP was synthesized from acrylic acid and dimethylsulfide
(Chambers et al 1987) or obtained from CASS (Groningen, The Netherlands).
Dimethylsulfonioacetate, dimethylsulfoniobutanoate, dimethylsulfoniopentanoate, and
methylethylsulfoniopropionate were synthesized by CASS (Groningen, The
Netherlands). MTPA was obtained by alkaline hydrolysis of its methylester (Aldrich,
Steinheim, Germany). 5,6,7,8-Tetrahydrofolic acid was from Sigma (St. Louis, USA)
and Schircks Laboratories (Jona, Switserland), 5-methyl-5,6,7,8-tetrahydrofolic acid
from Merck (Darmstadt, Germany). Trimethylsulfonium iodide and hydroxocobalamin
were from Fluka (Buchs, Switzerland), cyanocobalamin, and coenzyme B12 from
Sigma. Titanium(III)-nitrilotriacetic acid stock solutions were prepared after Moench
and Zeikus (1983).

Results and discussion

Purification and stability of DMSP:THF methyltransferase. Purification of
DMSP:tetrahydrofolate methyltransferase turned out to be rather difficult. In view of
the oxygen lability of the activity in cell extracts (Jansen and Hansen 1998), all steps
were carried out under anoxic conditions. Using a purification scheme involving anion-
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exchange chromatography, ammonium sulfate precipitation, hydrophobic interaction
chromatography, and hydroxyapatite chromatography, a 76-fold purification with a
yield of 1% was obtained (Table 1). In one of the best purifications a 234-fold increase
of the specific activity [142.9 µmol.min-1(mg protein)-1] at a 1% yield was achieved,
but the activity was completely lost during overnight incubation under nitrogen at -20
oC. SDS polyacrylamide gel electrophoresis showed that one band with a molecular
mass of approximately 35 kDa significantly increased in density during purification
(Fig. 1). A band of 10 kDa was visible on SDS polyacrylamide gel electrophoresis in
the hydroxyapatite pool. Minor contaminations, between 5-10% of the 10 µg total
protein loaded onto the gel, were observed on SDS-polyacrylamide gel (12.5%). When
the hydroxyapatite pool was loaded onto a 7.5% native polyacrylamide gel only one
band was visible.

Although activity in cell extracts was stable for several weeks when stored at –20
0C, activity in partially purified samples was very unstable. Activity of the
hydroxyapatite pool obtained in the experiment of Table 1 decreased in two days from
40.5 to 0.4 µmol.min-1.(mg protein)-1, when stored at -20 0C under nitrogen. This
activity could be partially restored by addition of 200 µM of the B12-derivatives
cyanocobalamin, hydroxocobalamin, and coenzyme B12 to the assay mixture [activities
increased to 2.7, 2.8, and 3.4 µmol.min-1.(mg protein)-1]. Titanium(III)nitrilotriacetic
acid reduction of the assay mixture was not absolutely required; without
titanium(III)nitrilotriacetic acid activities were approximately 10-20% lower. ATP (2
mM) plus MgCl2 (8 mM) did not have any positive effect on activity when added to the
assay mixture at any time. When cell extract (91 µg protein) with DMSP:THF
methyltransferase activity was added to the assay mixture with the purified enzyme
(preincubated for 5 min) no higher activities were obtained. Addition of cell extract to
an inactive hydroxyapatite pool did not result in measurable activities. This indicates
that the loss of activity is not caused by the lack of ATP or another compound which
could be present in the cell extract. Different observations were made in studies of the
methyl transfer from phenyl methyl ethers to THF in the acetogenic bacterium
Acetobacterium dehalogenans. Upon purification of this O-demethylase, it turned out
to be a multi-component system; already in the first chromatographic step (Q-
Sepharose column) four distinct protein components were separated. All four proteins
were required for the efficient catalysis of the methyl transfer from the substrate to
tetrahydrofolate; additional requirements were ATP and low-potential reducing
equivalents supplied by, for example, titanium(III) citrate (Kaufmann et al. 1997,
1998). Similarly, experiments with the tetramethylammonium:coenzyme M
methyltransferase system from Methanococcoides sp. revealed a multi-component
system with a corrinoid protein involved; in this case the presence of titanium(III)
citrate and ATP was necessary (Asakawa at al. 1998).
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Table 1 Partial purification of DMSP:THF methyltransferase from DMSP-grown strain WN

Purification step Protein Total activity Specific activity Yield Purification
(mg) (U) (U/mg) (%) (-fold)

Cell extracta 810 430 0.53 100 1.0
Q-Sepharose XL 71.9 260 3.62 61 6.8
40% ASb 50.8 224 4.4 52 8.3
Phenyl-Sepharose CL-4B 3.3 74 22.4 17 42.2
Hydroxyapatite 0.09 4 40.5 1 76.3
a From 40 l culture of DMSP-grown strain WN.
b Supernatant of 40% ammonium sulfate precipitation.

Properties of partially purified DMSP:THF methyltransferase. The optimum
conditions for DMSP:THF methyltransferase activity were 35 oC and pH 7.8. At 5 oC
the enzyme had only 20% of the activity; above 45 oC inactivation was considerable.
The reaction had a broad pH optimum with still 85% of the activity present at pH 5.5
and 8.5. DMSP:THF methyltransferase is a highly specific enzyme; activity was
observed only with DMSP and methylethylsulfoniopropionate (Table 2). Glycine
betaine did not serve as methyl donor (Table 2), and did not inhibit the reaction with
DMSP when the purified enzyme was preincubated for 5 min with glycine betaine
(concentrations up to 100 mM tested). In contrast, in the case of mammalian glycine
betaine:homocysteine methyltransferase a sulfonium analog such as DMSP could
substitute for glycine betaine as methyl donor (Garrow, 1996). None of the DMSP-
analogues (7.5 mM) listed in Table 2 inhibited the reaction with DMSP (preincubation
with the enzyme for 15 min). Except for glycine betaine, strain WN was not able to
utilize these compounds for growth (tested with 10 mM substrate, 0.025% yeast extract
and a 5% inoculum of a DMSP-grown culture). Preincubation of the enzyme for 3 min
with Ca2+, Mg2+, Mn2+, Co2+, Fe2+, Cu2+, or Zn2+ (2 mM each) resulted in relative
activities of 89%, 80%, 85%, 87%, 100%, 76%, and 9%, respectively.

Table 2 Activity of DMSP:THF methyltransferase with other substrates

Substrate Specific activity
(7.5 mM) (U/mg protein)

DMSP 38.4
Trimethylsulfonium chloride 0.0- 0.8
Dimethylsulfonioacetate 0.0
Dimethylsulfoniopentanoate 2.8
Dimethylsulfoniobutanoate 3.2
Methylethylsulfoniopropionate 20.8
Glycine betaine 0.0
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Fig. 1 SDS-polyacrylamide gel showing the four steps in the purification of DMSP:THF
methyltransferase from strain WN. Lane 1, cell extract (9.0 µg); lane 2, Q-sepharose-pool (7.7 µg);

lane 3, Phenyl-Sepharose CL-4B-pool (11.0 µg); lane 4, Hydroxyapatite-pool (11.0 µg); lane 5,
molecular mass markers (BioRad): myosin (200.0 kDa), ß-galactosidase (116.25 kDa), phosphorylase

B (97.4 kDa), serum albumin (66.2 kDa), ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa),
trypsin inhibitor (21.5 kDa), lysozyme (14.4 kDa), and aprotinin (6.5 kDa). The gel was stained with

0.1% Coomassie brilliant blue R-250.

With cell extract of DMSP-grown strain WN we showed the inhibition (and
reactivation with light) of DMSP:THF methyltransferase by propyl iodide (Jansen and
Hansen 1998), which is indicative of involvement of a corrinoid as cofactor. Corrinoid
proteins have been shown to play a role in methyl transfer reactions during the
anaerobic degradation of various other O-, S-, or N-methylated compounds such as
methanol, methoxylated aromatics, methylated sulfides, and methylated amines by
Bacteria (Stupperich and Konle 1993; Kaufmann et al. 1997, 1998) and Archaea (Daas
et al. 1996; Ferguson and Krzycki 1997; Sauer et al. 1997; Tallant and Krzycki 1997;
Asakawa et al. 1998; Wassenaar et al. 1998). A corrinoid protein which is not involved
in anaerobic degradation is the cobalamin-dependent methionine synthase which
catalyzes the transfer of the methyl group from methyl-THF to homocysteine (see, for
example, Frasca et al. 1988). Methionine synthesis from glycine betaine and
homocysteine also involves the transfer of a methyl group but this reaction is not
catalysed by a corrinoid protein (see, for example, Garrow 1996). Similarly, the protein
that catalyzed the methyl transfer of trimethylsulfonium chloride to THF in an aerobic
bacterium did not contain a corrinoid (Wagner et al. 1967).

With respect to the presence of a corrinoid in the DMSP:THF methyltransferase it
can only be said at the moment that the strongest evidence in favour of such a presence
is the effect of propyl iodide and light on the activity in cell extracts (see above) and
the reactivation by cobalamins of inactivated enzyme after storage as discussed above.
A reddish-brown color, indicative for a corrinoid as a cofactor, was never observed in
the purified preparation. This lack of color is not unexpected because of the low
protein concentration used in this experiment. More and more concentrated purified
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protein will be required to obtain information about the presence of corrinoids. Since
the purification of Table 1 with a yield of 90 µg of purified protein was based on 40 l
of DMSP-grown culture, clearly very large culture volumes will be required to obtain
milligram quantities of purified enzyme even if the maximal optical density of the
cultures is considerably improved.

The native molecular mass of DMSP:THF methyltransferase was between 45 and
60 kDa, as judged by gel filtration chromatography. Almost all activity was lost when 1
ml of the Phenyl Sepharose CL-4B pool (0.39 mg protein) was loaded onto a Sephacryl
S-300 HR column. The yield was only 1% and this remaining activity was completely
lost within a few hours. The activity could not be restored by addition of 200 µM
cyanocobalamin, hydroxocobalamin, or coenzyme B12 to the assay mixture. Attempts
to restore activity using combinations of several fractions were not successful. Activity
also decreased significantly when 1 ml of a cell extract of DMSP-grown strain WN
was loaded onto the gel filtration column; only approximately 10% of the total activity
was detected in the eluate. Again, addition of 200 µM cyanocobalamin,
hydroxocobalamin, or coenzyme B12 to the assay mixture did not result in higher
activities. The estimated molecular mass of the DMSP:THF methyltransferase
calculated from the experiment with cell extracts was between 30 and 70 kDa. When
PD-10 or HiTrap desalting columns were used, the activity decreased only 10-20%. It
is difficult to draw conclusions about the subunit composition of the native
DMSP:THF methyltransferase from these experiments in combination with the results
of Fig. 1. Furthermore, what causes the inactivation when using gel filtration
chromatography is not clear. Whether an activation mechanism exists for the
DMSP:THF methyltransferase of strain WN remains to be established. Three different
activation mechanisms have been reported for the methanol methyltransferase in the
methanogen Methanosarcina barkeri (Daas 1996); two of these require or are
stimulated by ATP (for example, van de Wijngaard et al. 1991; Daas et al. 1993). The
other activation mechanism is ATP-independent, like the activation of the
corrinoid/Fe-S protein involved in methyl transfer from acetylcoenzyme A to
tetrahydrosarcinapterin (Grahame 1991, 1993).

This is the first report on a highly purified enzyme preparation that specifically
catalyzes the demethylation of DMSP. Future efforts will be directed towards obtaining
larger quantities of the purified protein to allow a more detailed characterisation.
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