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The ubiquitous algal metabolite dimethylsulfoniopropionate (DMSP) is a major source of carbon and
reduced sulfur for marine bacteria. Recently, the enzyme responsible for the demethylation of DMSP, desig-
nated DmdA, was identified, and homologs were found to be common in marine bacterioplankton cells. The
recombinant DmdA proteins from the cultured marine bacteria Pelagibacter ubique HTCC1062 and Silicibacter
pomeroyi DSS-3 were purified with a three-step procedure using anion-exchange, hydrophobic interaction, and
hydroxyapatite chromatographies. The P. ubique enzyme possessed an M, on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis of 38,500. Under nondenaturing conditions, the M, was 68,000, suggesting that
the enzyme was likely to be a dimer. The purified enzyme exhibited strict substrate specificity for DMSP, as
DmdA from both S. pomeroyi and P. ubique possessed no detectable demethylase activity with glycine betaine,
dimethyl glycine, methylmercaptopropionate, methionine, or dimethylsulfonioacetate. Less than 1% activity
was found with dimethylsulfoniobutanoate and dimethylsulfoniopentanoate. The apparent K,,,s for DMSP were
13.2 = 2.0 and 5.4 = 2.3 mM for the P. ubique and S. pomeroyi enzymes, respectively. In cell extracts of S.
pomeroyi DSS-3, the apparent K,, for DMSP was 8.6 = 1.2 mM, similar to that of purified recombinant DmdA.
The intracellular concentration of DMSP in chemostat-grown S. pomeroyi DSS-3 was 70 mM. These results
suggest that marine bacterioplankton may actively accumulate DMSP to osmotically significant concentrations
that favor near-maximal rates of DMSP demethylation activity.

Dimethylsulfoniopropionate (DMSP) is synthesized by ma-
rine phytoplankton primarily for use as an intracellular os-
molyte, although the compound has also been recognized as an
antioxidant and predator deterrent (26, 39, 46). DMSP pro-
duction by phytoplankton may account for 10% of the total
carbon fixation in parts of the ocean (3, 37). Once released
from phytoplankton cells, the carbon and sulfur in DMSP are
both rapidly transformed in the marine microbial food web.
While some phytoplankton are capable of degrading DMSP to
dimethyl sulfide (DMS), marine bacteria are considered the
primary mediators of DMSP transformation in seawater (36).
DMSP consumption by marine bacteria satisfies 1 to 15% of
their carbon demand and most, if not all, of the bacterial sulfur
demand (20, 37).

Bacterial degradation of DMSP occurs through two compet-
ing pathways, known as the cleavage and the demethylation
pathways. The cleavage pathway results in the formation of
DMS, the major natural source of sulfur to the atmosphere (2,
36). In the atmosphere, oxidation of DMS produces aerosols
that can influence global climate by causing solar radiation
backscatter and acting as cloud condensation nuclei (5, 29). A
majority of DMSP, however, is degraded through the demethyl-
ation pathway (19). The initial step of the demethylation path-
way is removal of a methyl group from DMSP to form meth-
ylmercaptopropionate (MMPA). Subsequently, MMPA can be
demethylated to form mercaptopropionate or can be de-
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methiolated to form methanethiol and acrylate or another
three-carbon compound (19, 43). Methanethiol is rapidly taken
up by marine bacteria and incorporated into proteins (19).

The initial demethylation of DMSP is critical to oceanic
sulfur flux because it precludes the possibility of DMS emission
(15). Recently, the enzyme responsible for the demethylation
of DMSP, designated DmdA, was discovered in two marine
isolates from the roseobacter and SARI11 taxa, Silicibacter
pomeroyi DSS-3 and Pelagibacter ubique HTCC1062, respec-
tively. These taxa are among the most abundant bacterial
groups found in ocean surface waters (13, 31). Based on meta-
genomic sequence data in the Sorcerer II Global Ocean Sam-
pling Expedition, it has been estimated that 58% of marine
bacteria possess the gene encoding DmdA (16).

Phylogenetic analyses of all identified DmdA sequences re-
veal a diverse set of proteins that form five evolutionarily
distinct clades, known as clades A, B, C, D, and E (16). How-
ever, the bacterioplankton that harbor these DmdA orthologs
remain largely unknown. At present, clades B and C lack genes
from any cultured organisms. Having no taxonomic anchors, it
is not possible to make comparisons of DmdA phylogeny to
organismal phylogeny or to determine if the clades of DmdA
are a result of organismal evolution or ecological adaptation.
To examine this question and gain insights into biological con-
trols on DMSP degradation, the recombinant DmdA enzymes
from S. pomeroyi and P. ubique, representatives of clades A and
D, respectively, were purified and characterized.

MATERIALS AND METHODS

o

Plasmid construction and expr of recc nt proteins. The dmdA
homologs in the Pelagibacter ubique genome (11) (SAR11_0246) and the
Silicibacter pomeroyi DSS-3 genome (30) (SPO_1913) were synthesized commer-
cially with Escherichia coli codon usage (GenScript Corporation). The synthe-
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sized genes were inserted into the expression vector pCYB1 (New England
Biolabs) to generate pABX101 and pCRXI, respectively, which were trans-
formed into E. coli Top10F" and BL21(DE3), respectively. Plasmid-bearing cells
were grown in Luria-Bertani broth at 37°C until cultures reached an optical
density at 600 nm of 0.6, at which time the cultures were induced with 25 uM or
200 M IPTG (isopropyl-B-p-thiogalactopyranoside) for pABX101 and pCRX1,
respectively, and transferred to 25°C for overnight incubation. Cells were har-
vested by centrifugation at 10,000 X g for 10 min. Pellets were resuspended in 50
mM Tris-HCI (pH 8.0) with 1 mM EDTA and placed on ice. Cells were then
lysed by sonication, using three 30-s bursts. Lysed cells were centrifuged at 30,000 X
g for 30 min to remove cell debris from the supernatant.

Preparation of Silicibacter pomeroyi DSS-3 extract. Silicibacter pomeroyi DSS-3
was grown in batch or continuous culture using an artificial seawater medium
consisting of 0.08 M HEPES (pH 6.9), 0.29 mM KH,PO,, 7.1 mM NH,ClI, 0.068
mM FeEDTA, 2% (wt/vol) sea salts (Sigma), and 0.1% (vol/vol) vitamin solution
(12). Cell extract was prepared after 2 days of growth on DMSP as the sole
carbon source in batch culture. Cells were harvested by centrifugation at 10,000 X g
for 10 min and washed once in growth medium without DMSP. The pellet was
resuspended in 400 mM HEPES (pH 7.5) with 1 mM EDTA and placed on ice. Cells
were then lysed by sonication and centrifuged as described above.

Purification of DmdA. The recombinant DmdA from P. ubique was purified
from 8 ml of E. coli soluble extract after induction of the plasmid-borne gene.
The extract was loaded onto a Q-Sepharose HP (GE Healthcare) column (1.6 by
10.0 cm) equilibrated with 50 mM Tris-HCI (pH 8.0) and 1 mM EDTA with a
flow rate of 1 ml/min. The column was washed with the buffer at a flow rate of
1 ml/min. All enzyme activity was retained in 8 ml of flowthrough. Active
fractions were pooled and brought to 1.7 M (NH,),SO,, with the addition of the
finely ground solid (NH,),SO,. The sample was applied to a phenyl-Superose
(GE Healthcare) column (1.0 by 10 cm) equilibrated with 50 mM Tris-HCI (pH
8.0) containing 1.7 M (NH,),SO, and 1 mM EDTA. Proteins were eluted with
a linear gradient from 1.7 to 0 mM (NH,),SO, in a total volume of 80 ml.
Activity eluted at about 0.8 M NH,SO,. Fractions containing activity were
pooled and concentrated using a Centricon Ultracel YM-10 filter. Concentrated
protein was diluted eight times with 10 mM Na,HPO, (pH 7.0) and applied to
a CHT ceramic hydroxyapatite type 1 (Bio-Rad) column (1.0 by 9 cm) at a flow
rate of 0.5 ml/min. The column was washed with 10 ml of 10 mM Na,HPO, (pH
7.0), and proteins were eluted with linear gradient of 10 to 500 mM Na,HPO,
(pH 7.0) in a total volume of 50 ml. Activity eluted at about 200 mM Na,HPO,.
The active fractions were concentrated to 8 mg/ml using a Centricon Ultracel
YM-10 filter.

The recombinant DmdA from S. pomeroyi was purified similarly to the P.
ubique enzyme except for the following modifications. A linear gradient from 1.1
to 0 M (NH,),SO, was used to elute proteins from the phenyl-Superose column.
Activity eluted at about 0.7 M (NH,),SO,. Fractions containing activity were
pooled and concentrated to about 0.1 ml using a Centricon Ultracel YM-10 filter.
Concentrated protein was then diluted to 2 ml in 5 mM Na,HPO, (pH 6.8) and
again concentrated. Concentrated protein was diluted eight times with 5 mM
Na,HPO, (pH 6.8) and 0.03 mM CaCl, and applied to a CHT ceramic hydroxy-
apatite type 1 (Bio-Rad) column (1.0 by 9 cm) equilibrated with the same buffer
at a flow rate of 0.5 ml/min. The column was then washed with 10 ml of 5 mM
Na,HPO, (pH 6.8) and 0.03 mM CaCl, at a flow rate of 0.5 ml/min. Enzyme
activity eluted in the flowthrough. The active fraction was concentrated to 0.3
mg/ml using a Centricon Ultracel YM-10 filter.

Protein concentration. The concentration of purified DmdA from P. ubique
was determined by the biuret method using bovine serum albumin as a standard
(14). The mass extinction coefficient at 280 nm was determined to be 10.72 g ™!
liter cm~'. The protein concentration was then routinely determined using the
mass extinction coefficient. Concentrations of other proteins were determined
using the Bio-Rad Bradford reagent with bovine serum albumin as the standard.

Enzyme assays. To minimize the effect of DMSP on reaction pH, a stock of
buffered DMSP was prepared. A 600 mM solution of DMSP in 10 ml of 400 mM
HEPES with 1 mM EDTA was brought to pH 6.5 with the dropwise addition of
about 2 ml of 0.5 M NaOH with constant stirring. The final volume was then
brought to 20 ml with 400 mM HEPES and 1 mM EDTA (pH 7.5). High-
pressure liquid chromatography (HPLC) analysis of the buffered DMSP stock
showed the presence of about 1 mM acrylate, indicating that only a small portion
of DMSP was hydrolyzed during the neutralization procedure.

Unless specified differently, assays were performed using 400 mM HEPES (pH
7.5), 1 mM EDTA, and 2 mM dithiothreitol in 0.1 ml by combining 20 pl of 300
mM buffered DMSP stock solution and 0.685 mM tetrahydrofolate (THF). Due
to the sensitivity of THF to O,, assays were performed in an anaerobic chamber
under an N,-H, (95:5, vol/vol) atmosphere. Reactions were initiated with the
addition of enzyme, and the mixtures were incubated for 10 min. Reactions were
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quenched by addition of 20 pl of 50% H;PO,, and mixtures were briefly centri-
fuged to remove denatured proteins. Formation of either 5-methyl-THF or
MMPA was determined by HPLC.

To determine the pH optimum, 400 mM of the following buffers were used at
the indicated pH values: sodium 1,3-bis(Tris)propane (Bis-Tris propane) (6.5,
7.0, 7.5, 8.0, 8.5, 9.0, and 9.5), sodium 2-(N-morpholino)ethanesulfonic acid
(MES) (5.5, 6.0, and 6.5), sodium 3-(N-morpholino)propanesulfonic acid
(MOPS) (6.5, 7.0, and 7.5), sodium HEPES (7.0, 7.5, and 8.0), and Tris-HCI (7.5,
8.0, 8.5, and 9.0). Activity was determined with 10 mM DMSP.

Assays to determine substrate specificity were performed using either 4 mM or
10 mM of analog. Reaction mixtures contained 2 pg of DmdA, and reactions
were performed for 3 hours.

Kinetic analyses were performed as described above except that the DMSP
concentrations were 2.5, 5.0, 10, 20, 40, and 60 mM and the THF concentrations
were 0.042, 0.085, 0.17, 0.34, and 0.68 mM. Assay mixtures with S. pomeroyi
DSS-3 extract were incubated for 35 min before quenching. Inhibition kinetics
were determined using 5, 20, and 60 mM DMSP with 0, 1, 5, 10, and 20 mM
inhibitor. Kinetic data were analyzed using SigmaPlot 10.0 with the Enzyme
Kinetics module (Systat Software Inc.).

HPLC analysis was performed using a Waters Alliance 4600 instrument with
a reverse-phase SB-AQ column (2.6 by 250 mm; Agilent). The running buffer
consisted of 6% (vol/vol) acetonitrile, 25 mM NaH,PO,, and 0.8% (vol/vol)
H;PO, with a flow rate of 0.75 ml/min. MMPA and acrylate were detected by UV
absorption at 214 nm, and 5-methyl-THF was detected at 280 nm.

To confirm the reaction products, 2 pg of P. ubigue DmdA was incubated with
60 mM DMSP and 0.17 mM THF for 2 h, at which time most THF was
consumed, as determined by HPLC analysis. The reaction mixture was diluted
1:20 in 100 mM phosphate buffer (pH 7.0), and a UV spectrum of the reaction
mixture was taken.

Determination of native molecular weight by gel filtration. Purified DmdA
from P. ubique was applied to a Sephacryl S200 HR (GE Healthcare) column
(1.6 by 32 cm) equilibrated with 50 mM Tris-HCI (pH 8.0), 1 mM EDTA, and
200 mM NaCl at a flow rate of 0.5 ml/min. Under the same conditions, the
following molecular mass standards were chromatographed: carbonic anhydrase
(29 kDa), albumin from chicken egg white (46 kDa), and bovine serum albumin
monomer (66 kDa) and dimer (132 kDa).

PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed using the Next-Gel system (Amresco) with 12.5% poly-
acrylamide minigels. Gels were stained with 0.1% Coomassie blue in 50% meth-
anol-10% acetic acid.

Substrate synthesis. MMPA was synthesized by alkaline hydrolysis of its
methyl ester, methyl-3-(methylthio)propionate (44). Dimethylsulfonioacetate
and DMSP were synthesized from bromoacetic acid and DMS or acrylic acid and
DMS as described previously (4, 38). Dimethylsulfoniobutanoate and dimethyl-
sulfoniopentanoate were synthesized by mixing 2 g of bromobutyric acid or
bromovaleric acid, respectively, with 10 ml of DMS in a round-bottom flask and
heating the flask briefly in warm water to initiate the reaction. Vessels were
covered and allowed to incubate at room temperature for 5 days. The remaining
DMS was then evaporated, the product was dissolved in 5 ml of distilled water,
and an equal volume of diethyl ether was added. The solution was mixed thor-
oughly for several minutes, and the aqueous layer containing the product was
removed and evaporated. The last step was repeated, and the products were
confirmed using 'H nuclear magnetic resonance (NMR).

To determine if the analogs were contaminated with DMSP, small amounts of
DMSP were added to the analogs. The "H NMR peaks for DMSP were then
compared to the background in the analog spectrum to determine the sensitivity
for small amounts of contamination.

Intracellular DMSP. S. pomeroyi DSS-3 was grown at 30°C in a carbon-limited
chemostat using 1 mM DMSP at a flow rate of 0.1 ml/min and a dilution rate of
0.0416 per hour. After five volumetric exchanges, the chemostat outflow was
collected on ice for 5 min, and 0.4 ml of outflow was immediately centrifuged for
1 min to pellet cells. The cells were then washed in 1 ml of medium without
DMSP, and the supernatant was transferred into a 9.8-ml vial. Finally, the cells
were resuspended in medium without DMSP and transferred to a 9.8-ml vial.
The vials were sealed with Teflon-coated stoppers, and 1 ml of 5 M NaOH was
added with a syringe. Alkaline hydrolysis of DMSP yields equimolar concentra-
tions of DMS and acrylate. The vials were vortexed briefly and incubated for 15
min at 30°C. The headspace was then analyzed for DMS by gas chromatography
on an SRI 8610-C gas chromatograph with a Chromosil 330 column with nitro-
gen carrier gas at a flow rate of 60 ml min~, an oven temperature of 60°C, and
a flame photometric detector (9). Cell volume was calculated by first converting
absorbance at 660 nm to dry weight using the following equation: dry weight (g
ml™ 1) = 364.74A444, + 6.7A46 (27). Dry weight was converted to wet weight by
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FIG. 1. SDS-PAGE of purified recombinant P. ubique DmdA (A) and S.
pomeroyi DmdA (B). The proteins from various purification steps were sep-
arated by SDS-PAGE on 12.5% polyacrylamide and stained with Coomassie
blue. (A) Crude soluble cell extract of recombinant E. coli (lane 1), Q-
Sepharose flowthrough (lane 2), phenyl-Superose eluate (lane 3), hydroxy-
apatite eluate (lane 4), and broad-range protein marker (New England Bio-
labs) (lane 5). (B) Hydroxyapatite flowthrough (lane 1) and broad-range
protein marker (Fermentas) (lane 2).

assuming that 30% of the cell’s total weight was dry weight and then subtracting
the dry weight (32). The volume was then calculated by using the density of water
to convert from the water weight to volume. To measure the amount of DMSP
remaining in spent medium, 1.5 ml of culture was collected on ice and immedi-
ately centrifuged for 1 min. The supernatant was decanted and placed into a
9.8-ml vial. The medium was then purged with N, for 5 min to remove dissolved
DMS. The vial was then sealed and analyzed for DMSP as described above.

Phylogenetic analysis. DmdA homologs were found using BLASTp searches
against selected genomes. Sequences were aligned, edited, and analyzed using
MEGA version 4.0 (40). Sequences were manually trimmed to 261 amino acids.
A phylogenetic tree was constructed using the minimum evolution method,
including 1,000 bootstrap replicates. The GenBank accession number for all
sequences used in the phylogenetic analysis are as follows: Homo, P48728; Pisum,
P49364; Escherichia, P27248; Saccharomyces, PA8015; Silicibacter V, AAV97197;
Bacillus, P54378; Desulfovibrio, ABB38793; Pelagibacter IV, AAZ21486; Pyrococ-
cus, O58888; Silicibacter 1, AAV95190; Pelagibacter 1, AAZ21068; clade B,
ECV34452; clade C, EDI11852; clade E, EAW42451; Rattus 1, Q64380; Rattus I,
Q63342; Haloarcula, AAV45054; Rhizobium 11, AAQS87218; Silicibacter VI,
AAV96623; Roseovarius, EAP75561; Burkholderia, EDT09370; Silicibacter 111,
AAV94849; Mycobacterium, ABP47600; Silicibacter IV, AAV94866; Rhizobium,
EDR75388; Pelagibacter 111, AAZ22069; Marinobacter, EDM49742; Pelagibacter
11, EAS84178; and Silicibacter 11, AAV94935.

RESULTS

Purification of DmdA. Recombinant DmdA from P. ubique
was purified to electrophoretic homogeneity using a three-step
chromatographic purification as shown in Fig. 1A. SDS-PAGE
of the purified protein failed to detect contaminating proteins,
and comparison to a standard indicated a purity of >92%.
Initial purifications yielded a labile enzyme which lost activity
in a matter of days. Addition of EDTA to buffers greatly
improved enzyme stability. In 50 mM Tris-HCI (pH 8.0) with 1
mM EDTA, the enzyme was stable for more than 6 months
when stored at either —20° or 4°C. The enzyme did not bind to
anion- or cation-exchange resins within ranges of pH 6 to 9.
This inability to bind anion-exchange resin was also observed
for the recombinant glycine cleavage T-protein, which is ho-
mologous to DmdA (33). Nevertheless, substantial purification
was obtained by passing the extracts through either anion- or
cation-exchange resin.

Similarly, the recombinant DmdA from S. pomeroyi did not
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bind anion-exchange resin at pH 8.0. Moreover, the enzyme
also failed to bind CHT ceramic hydroxyapatite type 1, even at
very low salt concentrations. Thus, it was not possible to purify
this protein to electrophoretic homogeneity by these methods.
Integration of the bands identified on SDS-PAGE, as shown in
Fig. 1B, indicated a purity of 70%.

Properties of DmdA. Upon SDS-PAGE, the M.s of the de-
natured enzymes were 38,500 to 39,500, which was consistent
with the predicted molecular mass, based on the amino acid
sequence, of 39.5 to 41.5 kDa. The native molecular mass of
the DmdA from P. ubique was investigated by gel filtration. In
duplicate experiments, DmdA eluted as a single peak with an
M. of 66,000 to 69,000, indicating that the enzyme may exist as
a dimer. Because the enzyme did not enter native polyacryl-
amide gels, it was not possible to confirm the native molecular
mass by this method. The inability of DmdA to bind to ion-
exchange resins or migrate into native polyacrylamide gels
suggests that the recombinant enzyme was neutral in charge.
However, the predicted isoelectric points were 6.5 and 5.3 for
DmdA from P. ubique and S. pomeroyi, respectively. There-
fore, the absence of an observed charge with ion-exchange
resins and native polyacrylamide gels suggests that the charge
on DmdA was hidden.

The activity of DmdA in several buffers was examined to find
the optimum reaction conditions. Bis-Tris propane, which has
a wide buffering range, was inhibitory at pHs of above 7.5 and
was not used further. The DmdA from P. ubique was consis-
tently more active in HEPES buffer than in MOPS or Tris-HCI
buffer at the same pH. Similarly, the DmdA from S. pomeroyi
was more active in HEPES than in MOPS buffer, but the
activities in HEPES and Tris-HCI buffers were the same. These
differences in activities are not due to differences in the coun-
terions or ionic strengths of the buffers. For instance, 400 mM
of (NH,),SO, K,HPO,, MgSO,, Na-acetate, NaCl, and KCI
had no effect on the enzyme activity. In contrast, 100 mM and
400 mM MgCl, inhibited activity by 20 and 80%, respectively.
Therefore, the different activities observed in the buffers were
due to direct interaction of DmdA with the buffers and not the
counterions.

The optimum pHs for the DmdA enzymes from P. ubique
and S. pomeroyi were similar. Maximum activity was observed
at pH 7.0 to 8.0 for both enzymes. The P. ubigue DmdA
possessed about 50% activity at pH 6.5 and 8.3. The DmdA
from S. pomeroyi possessed 50% activity at pH 6.0 and 8.8.
Thus, all subsequent assays were carried out at pH 7.5 using
400 mM sodium HEPES buffer.

Product confirmation. To confirm that the reaction transfers
a methyl group from DMSP to THF, the products of the
enzyme reaction were examined by UV absorption spectros-
copy and chromatographic analysis. An enzyme reaction was
run to completion so that most of the THF was consumed as
determined by UV spectra of the products. The product pos-
sessed an absorption maximum at 290 nm and a minimum at
245 nm, identical to those of authentic 5-methyl-THF in the
same buffer (18). The formation of 5S-methyl-THF was further
confirmed because the product coeluted with the authentic
5-methyl-THF on HPLC (data not shown). The production of
MMPA was also confirmed by comparison of the elution time
of the reaction product with that of the authentic compound
upon HPLC (data not shown).
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TABLE 1. Rates of demethylation for DMSP and analogs

Sp act (nmol min~! mg~")* for
recombinant DmdA from:

Substrate
P. ubique S. pomeroyi
Dimethyl glycine <0.6 <0.6
Glycine betaine <0.6 <0.6
Methionine <0.6 <0.6
Dimethylsulfonioacetate <0.6 <0.6
DMSP 2,490 649
Dimethylsulfoniobutanoate 7 2
Dimethylsulfoniopentanoate 11 8

“ Values are averages from duplicate experiments using 4 mM substrate.

Substrate specificity. The methyl donor specificity of DmdA
from both P. ubique and S. pomeroyi was investigated using a
number of substrate analogs (Table 1). No activity was ob-
served with dimethylsulfonioacetate or the nitrogen-containing
compounds tested. Very low rates of methyl-THF formation
were observed from the DMSP analogs dimethylsulfoniobu-
tanoate and dimethylsulfoniopentanoate. This activity could be
due to either the low activities of DmdA for these substrates or
contamination of the analogs by DMSP. Examination of the 'H
NMR spectra indicated that the analogs contained less than
1% DMSP. Next, enzyme assays were performed with low
concentrations of the analogs. Under these conditions, >3% of
the substrates were consumed. Since the amount of substrate
demethylated was greater than the maximum amount of
DMSP contamination, the activity could not be attributed
solely to DMSP contamination.

Inhibition. Inhibition of DMSP demethylation by the puri-
fied DmdA from P. ubique was studied using the substrate
analogs and the product of DMSP demethylation, MMPA.
DMSP demethylation was strongly inhibited by MMPA, where
Lineweaver-Burk plots showed a series of nonparallel lines
intersecting to the left of the origin, indicative of noncompet-
itive inhibition (see Fig. S1 in the supplemental material). The
data fit best to a noncompetitive partial model of inhibition
with a K; of 2.1 = 0.4 mM. The substrate analogs dimethylsul-
foniobutanoate and dimethylsulfoniopentanoate were weak
inhibitors of DMSP demethylation. Kinetic analysis of dimeth-
ylsulfoniobutanoate and dimethylsulfoniopentanoate inhibi-
tion yielded a best fit to the mixed partial model, with K;s of 47
and 19 mM, respectively.

Kinetics. The Michaelis-Menten constants for purified
DmdA from P. ubique and S. pomeroyi were determined. Lin-
eweaver-Burk plots showed a series of intersecting lines (Fig.
2), indicative of a sequential mechanism in which both DMSP
and THF must bind to the enzyme before catalysis. A random
bi-bi mechanism, where the order of substrate binding and
product release occurs randomly, yielded the best fit to each
data set (Table 2).The high K,,, values of the purified enzyme
for DMSP suggested that the recombinant enzymes might not
be in their physiological conformations. To test this hypothesis,
the kinetic constants for the native enzyme in cell extracts of S.
pomeroyi were determined (Table 2 and Fig. 2). The agreement
of the K,, values for the recombinant and native activities
confirmed that the recombinant enzymes were in their physi-
ologically active forms.
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Intracellular DMSP. The high K, values observed and low
concentration of DMSP typically found in the environment
(nM range) suggested that cells might be accumulating DMSP
intracellularly. To test this hypothesis, the intracellular con-
centration of DMSP in S. pomeroyi DSS-3 was measured by
growing cells in a chemostat with DMSP as the limiting nutri-
ent. The initial concentration of DMSP in the medium was 1
mM. The spent medium contained 2 wM, indicating that the
cells consumed 99.8% of the available DMSP. In contrast, the
intracellular DMSP concentrations were determined to be 152
and 157 umol (g [dry weight] of cells)™*) in duplicate mea-
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FIG. 2. Lineweaver-Burk plots of DMSP demethylation. (A) DmdA
from S. pomeroyi. (B) DmdA from P. ubique. (C) Crude cell extract from
S. pomeroyi DSS-3. Lines are best fit to the overall data set of each graph
using the random bi-bi model. Each plot indicates a different concentra-
tion of THF, as follows: @, 0.042 mM; O, 0.085 mM; ¥, 0.17 mM; [, 0.34
mM; l, 0.68 mM.
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TABLE 2. Kinetic constants of DmdA

7 (random bi-bi K (MM, mean + SD) for: Vo (umol B KealKom
Enzyme source model) . ONSP min=! mg-1) ket (s71) (M’t' )
P. ubique 0.994 0.29 = 0.03 13.2+£20 11.7 8.1 618
S. pomeroyi 0.976 0.21 = 0.04 54+23 3.7¢ 2.4 450
S. pomeroyi extract 0.997 0.26 = 0.02 8.6 1.2 0.0105 NA? NA

“The V,

max

> NA, not applicable.

surements, implying that the intracellular DMSP concentra-
tion was about 70 mM. DMSP was not detected in the super-
natant of the single wash step, indicating that the intracellular
measurement was not affected by DMSP carryover and that
cells did not readily lose significant amounts of DMSP during
the washing. Thus, chemostat-grown S. pomeroyi cells accumu-
lated very high levels of DMSP despite the very low concen-
trations in the culture medium.

Phylogenetic analyses. DmdA is a member of a diverse en-
zyme family that includes the glycine cleavage T-protein and
domains of dimethylglycine oxidase and sarcosine dehydroge-
nase (Fig. 3). Phylogenetic analyses showed that proteins con-
firmed as glycine cleavage T-proteins from prokaryotes, eu-
karyotes, and archaea clustered together, distinct from
proteins with DMSP demethylase activity. The carboxy termini
of the dimethylglycine oxidase (EC 1.5.3.10) and sarcosine
dehydrogenase (EC 1.5.99.1) are homologous to that of the
T-protein (28). The sarcosine dehydrogenase and dimethylgly-
cine oxidase enzymes from Rattus and several open reading

Dehydrogenase/
Oxidoreductase

sn1pa0asSoY

Bacillys

Desulfovib rio

T-proteins

for the recombinant S. pomeroyi enzyme was corrected for a protein purity of 70%.

frames from proteobacteria also form an independent cluster.
Several open reading frames with unknown function but an-
notated as aminomethyl transferase proteins from both bacte-
ria and archaea form additional clusters. Presumably, these
represent novel enzymes within this family.

DISCUSSION

The properties of the purified DmdA enzymes from S.
pomeroyi and P. ubique are consistent with their role in the
THF-dependent demethylation of DMSP, as previously hy-
pothesized (15). The protein sequence of DmdA places the
enzyme in the aminomethyl transferase family (EC 2.1.2.10),
which includes the well-characterized T-protein of the glycine
cleavage system. The glycine cleavage system is comprised of
four proteins which catalyze the conversion of glycine to 5,10-
methylene-THF, CO,, and NH;. First, the P-protein catalyzes
the decarboxylation of glycine and transfers the remaining
aminomethylene group to the lipoic acid arm of the H-protein.

Unknown
Function

‘gi/iCibaCter I

;
cte
arin? ¢
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FIG. 3. Phylogenetic tree of homologs to T-proteins and DmdA. The tree was constructed using the minimum evolution method with MEGA4
software. Enzymes with confirmed activity are indicated by an asterisk. Five DmdA sequences were used, representative of the five known
phylogenetic clades, including clades A and D (from Silicibacter pomeroyi and Pelagibacter ubique, respectively [16]) and clades B, C, and E (from
uncultured marine bacterioplankton). Closed circles at the branch points indicate =90% replication with 1,000 bootstraps. The scale bar represents
0.2 amino acid substitution per site. GenBank accession numbers of protein sequences are listed in Materials and Methods.



VoL. 190, 2008

Next, the T-protein liberates ammonia and transfers the meth-
ylene group to THF. Finally, the L-protein oxidizes the lipoic
acid moiety of the H-protein (25). This complicated multipro-
tein system contrasts with the demethylation of DMSP, which
is catalyzed by a single enzyme. Even though the glycine cleav-
age T-proteins and DmdA form separate groups within a di-
verse enzyme family, they possess similar K,,,s for THF, i.e.,
0.17 mM for T-protein (34) and 0.21 to 0.29 mM for DmdA. In
the glycine cleavage system, the carbon donor is covalently
bound to the H-protein, so it is not possible to compare these
kinetic constants.

A THF-dependent DMSP-demethylating enzyme was previ-
ously purified from a sulfate-reducing bacterium, but the iden-
tity of the gene encoding this protein was not reported (17).
This enzyme possessed an M, upon SDS-PAGE of 35,000 but
was extremely labile and O, sensitive. Despite the similarity in
molecular weight to DmdA, the difference in O, sensitivity
suggests that these enzymes are not closely related. In addition,
phylogenetic analyses of DmdA against all sequenced delta-
proteobacteria, which include the sulfate-reducing bacteria,
did not identify a potential ortholog of DmdA.

The K,,, of DmdA for DMSP is higher than those observed
for bacterial DMSP cleavage enzymes that mediate the com-
peting pathway to DMS. DMSP lyase purified from a faculta-
tively anaerobic Alcaligenes species had a K,,, for DMSP of 1.4
mM (9), while the K,,, of a purified DMSP lyase from Desul-
fovibrio acrylicus was 0.45 mM (8). These values are close to
those expected for enzymes active with common intracellular
metabolites but are an order of magnitude lower than the
values for DmdA. Whether similarly low K,,,s for DMSP cleav-
age enzymes will be found in planktonic marine bacteria is not
yet known, but the answer may shed light on the routing of
DMSP to the demethylation versus cleavage pathways in situ.
If the intracellular concentrations of DMSP in S. pomeroyi and
P. ubique are in the range typical for many other metabolites,
DmdA would have only low activity in vivo. Instead, the kinetic
constants for DmdA are consistent with the accumulation of
DMSP to the high levels typical of osmoprotectants. For ex-
ample, the common osmolyte glycine betaine is accumulated to
intracellular concentrations of 130 to 170 mM by some bacteria
(1, 35). Similarly, DMSP is a known osmoprotectant in marine
and other bacteria (6, 10, 45). Natural populations of marine
microorganisms taking up **S-labeled DMSP can retain most
of the compound untransformed for 30 h, suggesting intracel-
lular accumulation (21, 22). The assimilation of both glycine
betaine and DMSP in the marine environment may rely on the
same high-affinity transport system capable of taking up the
compounds at the low nM levels typical of seawater (24).
The fact that S. pomeroyi accumulates DMSP to 70 mM from
a medium concentration of 2 wM suggests that it may rely on
DMSP as an osmolyte while metabolizing only that which is
supplied in excess of the cells’ requirement for osmoprotec-
tion.

Although measurements of intracellular DMSP concentra-
tion in P. ubique were not performed because of the challenges
of maintaining cultures of this oligotrophic marine bacterium
in the laboratory, the enzyme kinetics suggest that this micro-
organism must also accumulate high levels of DMSP for de-
methylation to occur. Recently, it was shown that growth of P.
ubique is dependent on an exogenous source of reduced sulfur,
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such as methionine or DMSP (42). In radiotracer experiments
using **S-labeled DMSP, P. ubique took up 70% and incorpo-
rated 50% of DMSP sulfur into protein (42). For DMSP sulfur
to be incorporated into cellular protein, DMSP must first be
demethylated by DmdA (23). Therefore, the assimilation of
DMSP sulfur suggests that P. ubique also accumulates DMSP
intracellularly to high levels.

To investigate whether the phylogenetic diversity of DmdA
has functional significance, the properties of the DmdA en-
zymes from S. pomeroyi and P. ubique, which represent phylo-
genetic clades A and D, were compared. The enzymes exhib-
ited similar pH optima and kinetics properties, and both had
strict substrate specificities. While the K,,;s for THF were very
similar, the K,,s for DMSP were somewhat different, i.e., 5.4
mM and 13.2 mM for S. pomeroyi and P. ubique, respectively.
Likewise, the calculated turnover numbers were also different,
2.4 s for S. pomeroyi and 8.1 s! for P. ubique. Despite these
differences, the catalytic efficiencies (k,/K,,) were very simi-
lar. Whether or not these small differences in K,,, and V.,
reflect physiological adaptations of the DmdA enzymes har-
bored by S. pomeroyi and P. ubique is of ecological interest.
Although both organisms probably use DMSP as an osmopro-
tectant, P. ubique requires DMSP or another exogenous source
of reduced sulfur for growth (42), while S. pomeroyi is capable
of assimilating sulfate. S. pomeroyi is also able to degrade
DMSP through the cleavage pathway. While the ability of P.
ubique to cleave DMSP has yet to be determined, homologs of
recently identified genes involved in DMSP cleavage are ab-
sent in P. ubique (7, 41). Thus, it is possible that P. ubique lacks
the cleavage pathway. These potential physiological differences
may be reflected in the differing K,,,;s for DMSP, which may be
part of the strategies for controlling DmdA activity in situ. The
characterization of additional DmdA enzymes, particularly
from clades B, C, and E, is needed to further examine the
kinetic diversity of DmdA. Nevertheless, the properties of
DmdA reported here greatly expand our knowledge of the
conditions under which DMSP demethylation can occur.
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