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Radiocarbon incorporation from pyruvate and serine into monomethylmercury by Desulfovibrio desulfuri-
cans was consistent with the proposal that the methyl group originates from C-3 of serine. Immunodiagnostic
assays measured 4 to 35 ,ug of tetrahydrofolate and 58 to 161 ng of cobalamin or a closely related cobalt
porphyrin per g of cell protein in D. desulfuricans. The light-reversible inhibition of mercury methylation by
propyl iodide in D. desulfuricans indicates methyl transfer by a cobalt porphyrin.

The conversion of mercuric ions in anoxic sediments to
the extremely neurotoxic and biomagnification-prone com-
pound monomethylmercury greatly increases the environ-
mental and human health impacts of mercury pollutants (7).
The methylation process in anoxic sediments is predomi-
nantly microbial (1), and a variety of aerobic and anaerobic
microorganisms were shown to be capable of mercury
methylation in vitro (15). However, the recent use of selec-
tive inhibitors in anoxic sediments tied more than 95% of the
mercury methylation to the activity of dissimilatory sulfate
reducers (3, 4). This finding and the simultaneous isolation of
mercury-methylating Desulfovibrio desulfuricans strains
were not predicted by the previous in vitro studies, and it
appears that earlier studies on the biochemistry of mercury
methylation (15) were conducted with environmentally insig-
nificant microorganisms. This insight prompted our prelimi-
nary investigation concerning the pathway of carbon and the
nature of methyl donors in a mercury-methylating D. des-
ulfuricans strain (3). Any attempt to control the environmen-
tally undesirable mercury methylation process would benefit
from a better understanding of the biochemical mechanism
involved.

Anaerobic techniques. Media preparation, culture transfer,
incubation, and cell harvest were performed anaerobically
by Hungate techniques (5). N2 or Ar gases, passed through a
hot copper coil to remove traces of oxygen, were used to
flush the headspaces of culture vessels or to blanket liquids
during transfers or harvests.
Carbon flow experiments. The mercury-methylating sulfate

reducer D. desulfuricans was isolated from low-salinity
estuarine sediment (3). It was routinely maintained and
pregrown for 48 h at 30°C in Postgate medium B (14) with 3.5
g of sodium pyruvate (substituted for lactate) per liter. A
2-ml inoculum from this culture was transferred to 18 ml of
Postgate sulfate-free medium D (14) spiked with 7.5 [Lg of
mercuric ion as HgCl2 per ml. After 12 h at 30°C, radiola-
beled pyruvate (2.75 x 107 dpm) or serine (2.54 x 107 dpm)
was added along with an additional mercuric ion spike (7.5
,ug/ml). After a 2-h incubation period at 30°C, methylmer-
cury was extracted. Each extract was subdivided for gas
chromatographic determination of methylmercury and liquid
scintillation counting of radioactivity. Labeled [1-14C]- and
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[3-'4C]sodium pyruvate (specific activities, 9.2 and 17.0
mCi/mmol; radiochemical purities, 99 and 98%, respec-
tively) were obtained from New England Nuclear Corp.,
Boston, Mass.). L-[3-'4C]serine (56 mCi/mmol; radiochemi-
cal purity, 99%) was obtained from Amersham Corp., Ar-
lington Heights, Ill.
Cobalamin and tetrahydrofolate assays. For these determi-

nations, D. desulfuricans was grown either in medium C or
medium G with 3.5 g of lactate per liter (14). Cells were
harvested by a flow-through CEPA centrifuge (model CE;
New Brunswick Scientific Co., Inc., Edison, N.J.) at 40,000
rpm, with cooling and with positive argon pressure. The
SimulTRAC immunodiagnostic radiodilution assay kit for
cobalamin (vitamin B12) and tetrahydrofolate was used on
the concentrated D. desulfuricans cell suspensions accord-
ing to the enclosed instructions of the manufacturer (Becton
Dickinson Immunodiagnostics, Orangeburg, N.Y.).

Propyl iodide inhibition of mercury methylation. Propyl
iodide was obtained from Sigma Chemical Co., St. Louis,
Mo. One-liter cultures of D. desulfuricans were grown in
medium C (14) for 48 h at 30°C. In experiment I, the culture
was divided into 250-ml aliquots and the cells were pelleted
by centrifugation. Each aliquot was suspended in 20 ml of
medium G (14) with no carbon source added. Two aliquots of
the resting cells were treated with 5 mM propyl iodide, and
two remained untreated. All samples were incubated for 30
min at 30°C in the dark, pelleted again, washed twice with
Tris buffer (0.02 M, pH 7.6), and suspended in 20 ml of
medium G (14) with 3.5 g of lactate per liter. All samples
were spiked with 150 ,g of mercuric ion per ml and were
incubated at 30°C for 2.5 h. Unless specified otherwise, all
samples were protected from light during preparation and
incubation. The described preincubation procedure with the
inhibitor was necessitated by the chemical reaction of propyl
iodide with mercuric ions that would have rendered the ions
unavailable for methylation.

In experiment II the same concentration of propyl iodide
was present throughout the 48-h growth period, and in
experiment III propyl iodide was present during growth and
also during a 30-min preincubation of the concentrated
resting cells. In experiments II and III, replicate samples
were incubated either in the dark or in the light (20-W
incandescent light bulb at a 20-cm distance).

Analytical. Cell protein was measured by the method of
Lowry et al. (11), with bovine serum albumin as the stan-
dard. Methylmercury was extracted by the method of Long-
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TABLE 1. Comparison of specific activities of [1-14C]pyruvate,
[3-14C]pyruvate and [3-14C]serine with the specific activity of

[14C]methylmercury synthesized from them by D. desulfuricans

Labeled Sp act (iLCi/,umol) of:
substrate ~~~~~~~~~~~Ratio"substrate Substrate Methylmercury

[1-14C]pyruvate 9.2 1.0 0.11
[3-14C]pyruvate 17.2 3.6 0.21
[3-14C]serine 56.0 53.2 0.95

a Specific activity of methylmercury/specific activity of substrate.

bottom et al. (10) and determined by electron-capture gas

chromatography (4); the detection limit was 2 ng/ml of
culture solution. Radioactivity was measured by liquid scin-
tillation counting with a Beta-Trac instrument (model 6895;
TM Analytic, Elk Grove Village, Ill.) and a Scintiverse E
(Fisher Scientific Co., Springfield, N.J.) scintillation cock-
tail. All counts were corrected for background and quench-
ing by the external standard ratio method.
The report by Postgate on a minor formation of methane

derived from C-3 of pyruvate (13) prompted our experiments
with radiolabeled pyruvate. C-3 of 14C-labeled pyruvate is
twice as likely as C-1 of the pyruvate to be incorporated into
methylmercury by cell suspensions of D. desulfuricans
(Table 1). Considering the carbon flow from the pyruvate to
the potential methylating systems (21) (Fig. 1), this result
indicated that C-3 of serine, a principal methyl donor to
tetrahydrofolate, was the most likely source of the methyl
group in methylmercury. Under identical incubation condi-
tions, the radiocarbon of C-3-labeled serine was incorpo-
rated into methylmercury by D. desulfuricans with 95%
preservation of specific activity (Table 1). These results are

consistent with the carbon flow scheme we propose in Fig. 1
for mercury methylation by D. desulfuricans. A less-efficient
if significant incorporation of pyruvate C-1 into methylmer-
cury may occur via decarboxylation, reduction of the CO2 to
formate by a formate dehydrogenase, and formation of
formyltetrahydrofolate or a formyltetrahydropterin, as in the
acetyl coenzyme A/CO dehydrogenase pathway in Des-
ulfovibrio baarsii (6) and Desulfobacterium autotrophicum
(16). The formyl group would be reduced to the methyl level
and transferred to a corrinoid or a similar compound as the
ultimate donor to the mercuric ion.
Of three major coenzymes (N5-methyltetrahydrofolate,

S-adenosylmethionine, and methylcobalamin) involved in
methyl transfer, only methylcobalamin has been demon-
strated to interact with mercuric ions in a spontaneous
chemical reaction (18). D. desulfuricans has not been dem-
onstrated to synthesize or require methylcobalamin, but a

closely related cobalt-sirohydroporphyrin was identified in
this bacterium (9) and might participate in the mercury
methylation process. Using a SimulTRAC immunodiagnos-
tic radiodilution kit, we measured in various culture batches
of D. desulfuricans 58 to 161 ng of cobalamin and 4 to 35 ,ug
of tetrahydrofolate per g of cell protein. It is possible,
however, that the immunodiagnostic reagent measured the
closely related cobalt sirohydroporphyrin (9) rather than
cobalamin.

Additional evidence for the nature of the methyl donor in
mercury methylation by D. desulfuricans was sought from
inhibitor studies. The propylation of cobalamin by propyl
iodide has been shown to inhibit transmethylation in the
synthesis of both methionine and methane (2, 17, 20).
Furthermore, this inhibition was shown to be reversible by
exposure to light. If mercury methylation by D. desulfuri-
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FIG. 1. Proposed pathway of carbon in D. desulfuricans during

methylation of mercury. The carbon that becomes CH3 in methyl-
mercury is in boldface. Compounds: 1, pyruvate; 2, phosphoenol-
pyruvate; 3, 2-phosphoglycerate; 4, 3-phosphoglycerate; 5, phos-
phohydroxypyruvate; 6, phosphoserine; 7, serine; 8, glycine; 9,
5,10-methylene tetrahydrofolate; 10, 5-methyltetrahydrofolate; 11,
methyl-cobalt porphyrin; 12, monomethylmercury. The enzyme
proposed to transfer the C-3 group of serine to tetrahydrofolate is
serine hydroxymethyl transferase (11).

cans was reversibly inhibited by propyl iodide, the involve-
ment of cobalamin or a related cobalt porphyrin in the
mercury methylation process would be indicated.
Table 2 summarizes the results of several inhibitor exper-

iments. In experiment I, with cell suspensions preincubated
for 30 min with 5 mM propyl iodide, methylmercury synthe-
sis was strongly inhibited compared with synthesis in propyl
iodide-free controls. In experiment II, D. desulfuricans was
grown in the presence of propyl iodide. Growth was normal,

TABLE 2. Light-reversible inhibition of mercury methylation by
D. desulfuricans by preexposure to 5 mM propyl iodide

Methylmercury formed

Preexposure to propyl (,ug/g of protein per h)aExpt iodide in:

Darkness Light

I None (control) 5.2
30-min exposure 0.8

11 Present during growth 0.8 5.5
III Double exposure6 ND 0.4

"From 150 p.g of mercuric ion per ml. ND, None detected.
Propyl iodide was present during growth, and the resting-cell suspension

was preexposed to propyl iodide for 30 min before the addition of mercury.
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but the resulting cell suspension had low methylation activ-
ity. This activity was restored to control level by exposure of
the organism to light. Since in experiments I and II propyl
iodide-preexposed cells showed some residual mercury
methylation activity, in experiment III the severity of treat-
ment was increased by growing D. dessulfuricans in the
presence of propyl iodide and exposing the washed and
concentrated resting-cell suspension to propyl iodide for an

additional 30 min. D. desulfuricans preexposed in this man-

ner failed to synthesize measurable amounts of methylmer-
cury in the dark, but light exposure at least partially restored
methylmercury synthesis. The failure of light to restore
methylmercury synthesis fully in the latter case most likely
reflects a partial enzyme inactivation due to the severity of
the inhibitor treatment. The facts of the selective inhibition
of mercury methylation activity by propyl iodide and the
reversibility of this inhibition by light support the idea that
transfer of the -CH3 group to mercuric ions in D. desulfuri-
cans is by a methyl donor that is either closely related or

identical to methylcobalamin.
To date, no scientific consensus on the cause and mecha-

nism of mercury methylation has emerged (15). Wood et al.
(19) regarded mercury methylation as a reaction competing
with methanogenesis, but the addition of spontaneously
methylating methylcobalamin to their reaction mixtures se-

riously flawed these experiments. Subsequently, inhibitor
experiments ruled out methanogens as significant environ-
mental mercury biomethylators (3, 4). Landner (8) viewed
mercury biomethylation as an incidental side reaction of
methionine synthesis by Neurospora crassa. This fungus did
not produce methylcobalamin, and an alternate methyl do-
nor was not identified. On the other hand, the finding that
auxotrophic mutants of Clostridium cochlearium that had
lost their ability to synthesize methylcobalamin had also lost
their ability to synthesize methylmercury (12) supported the
idea that methylcobalamin was the direct methyl donor to
mercury. Mercuric ions were more toxic to the auxotrophic
mutant than to the parent strain. The fragmentary evidence
suggests to us that there may be more than one way to
biomethylate mercury. The reaction may be incidental or

may serve to reduce the toxicity of mercuric ions to the
methylating microorganism.
Focusing on the sulfate reducers, known to be responsible

for over 95% of mercury methylation in anoxic aquatic
sediments (3, 4), our note establishes a carbon flow to
mercury through serine. It also strongly suggests a sequen-

tial participation of tetrahydrofolate and cobalamin (or a

closely related corrinoid) in the transfer of the methyl group

to mercuric ions. Sulfate-limiting conditions favor the mer-

cury methylation process both in pure cultures and in anoxic
aquatic sediments (3, 4).
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