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ABSTRACT Microbial production of the neurotoxin methylmercury (MeHq) is a sig-
nificant health and environmental concern, as it can bioaccumulate and biomagnify
in the food web. A chalkophore or a copper-binding compound, termed methano-
bactin (MB), has been shown to form strong complexes with mercury [as Hg(ll)] and
also enables some methanotrophs to degrade MeHg. It is unknown, however, if
Hg(ll) binding with MB can also impede Hg(ll) methylation by other microbes. Con-
trary to expectations, MB produced by the methanotroph Methylosinus trichosporium
OB3b (OB3b-MB) enhanced the rate and efficiency of Hg(ll) methylation more than
that observed with thiol compounds (such as cysteine) by the mercury-methylating
bacteria Desulfovibrio desulfuricans ND132 and Geobacter sulfurreducens PCA. Com-
pared to no-MB controls, OB3b-MB decreased the rates of Hg(ll) sorption and inter-
nalization, but increased methylation by 5- to 7-fold, suggesting that Hg(ll) complex-
ation with OB3b-MB facilitated exchange and internal transfer of Hg(ll) to the HgcAB
proteins required for methylation. Conversely, addition of excess amounts of OB3b-MB
or a different form of MB from Methylocystis strain SB2 (SB2-MB) inhibited Hg(ll) methyl-
ation, likely due to greater binding of Hg(ll). Collectively, our results underscore the com-
plex roles of microbial exogenous metal-scavenging compounds in controlling net pro-
duction and bioaccumulation of MeHg in the environment.

IMPORTANCE Some anaerobic microorganisms convert inorganic mercury (Hg) into
the neurotoxin methylmercury, which can bioaccumulate and biomagnify in the
food web. While the genetic basis of microbial mercury methylation is known, fac-
tors that control net methylmercury production in the environment are still poorly
understood. Here, it is shown that mercury methylation can be substantially en-
hanced by one form of an exogenous copper-binding compound (methanobactin)
produced by some methanotrophs, but not by another. This novel finding illustrates
that complex interactions exist between microbes and that these interactions can
potentially affect the net production of methylmercury in situ.

KEYWORDS anaerobic bacteria, mercury methylation, methanotrophs,
methylmercury

icrobial production of mono-methylmercury (MeHg or CH;Hg ™), a potent neu-
rotoxin, is a significant environmental and human health concern, as MeHg
readily bioaccumulates and biomagnifies in the food web, particularly in fish and rice
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(1-3). A small group of anaerobic microorganisms possessing the gene pair hgcAB
converts inorganic mercury [Hg(ll)] to MeHg in aquatic and terrestrial environments
(4-6). However, many environmental factors, such as the presence or absence of
various organic/inorganic ligands, sulfides, and minerals, have been shown to signifi-
cantly influence the rate and extent of Hg(ll) methylation by these microbes (7-12). In
particular, aqueous Hg(ll) complexation with low-molecular-weight (LMW) thiols and
naturally dissolved organic matter (DOM) has been shown to either increase or de-
crease Hg(ll) methylation, depending on the chemical structure and concentration of
the ligand, as well as the bacterial strain itself (9-11, 13). Specifically, most LMW thiols
(e.g., cysteine, glutathione, and penicillamine) and DOM have been found to increase
Hg(ll) methylation by sulfate-reducing bacteria, such as Desulfovibrio desulfuricans
ND132. On the other hand, only certain thiols (e.g. cysteine) can increase Hg(ll)
methylation by iron-reducing bacteria, such as Geobacter sulfurreducens PCA, whereas
others (e.g., glutathione and penicillamine) inhibit this activity (9—-11). These differences
are partially explained by the varying abilities of these microbes to competitively take
up Hg(ll) that is complexed with the ligands in solution (14, 15).

Net MeHg production in the environment, however, also depends on biological
degradation of MeHg (16, 17). Recent studies have discovered that some metha-
notrophs, e.g., Methylosinus trichosporium OB3b, can take up and degrade MeHg, and
that this activity requires the expression or production of a copper-binding compound
or chalkophore, called methanobactin (MB) (17). Methanobactin binds copper strongly,
with measured binding constants ranging from 108 to 1058 M~', and is believed to be
an important mechanism for copper uptake by methanotrophs in the environment
(18-21). Although MB concentrations have never been reported in situ, concentrations
of MB ranging from 10 to 50 uM are consistently observed in laboratory studies,
suggesting that environmental concentrations of MB may be significant (19, 22).

Two general forms of MB have been described to date: group | MBs, such as MB from
M. trichosporium OB3b (OB3b-MB), have two oxazolone rings with an internal disulfide
bridge, whereas group Il MBs, such as that made by Methylocystis strain SB2 (SB2-MB),
contain one oxazolone ring and an imidazolone or pyrazinedione ring with an associ-
ated sulfate group. Not surprisingly, because of the N,S, moieties used for copper
binding, MBs are also shown to bind a variety of metal ions, including Hg(ll), although
the Hg(ll) binding constant with SB2-MB (~102> M~") is orders of magnitude higher
than that with OB3b-MB (1.0 X 107 M—") (23-25).

The formation of strong Hg(ll)-MB complexes has been shown to alleviate Hglll]
toxicity to methanotrophs in laboratory experiments (24). It has also been shown that
MB can affect the activity of denitrifying bacteria via copper sequestration (26). Little is
known, however, as to whether MB affects the activity of other microbes, such as
mercury-methylating bacteria. Does Hg(ll) binding by MB impede or enhance microbial
MeHg production? Such a question has environmental relevance, as methanotrophs
thrive in a wide range of environments, including freshwater and marine sediments and
wetlands (19, 27, 28), particularly at the oxic/anoxic interface. Evidence of the presence
and activity of methanotrophs has also been reported in micro-oxic/anoxic conditions
(29-31). Since MeHg is also produced at the top few centimeters of the anoxic interface
(32, 33), MB may thus be present in these locations either due to diffusion/vertical
transport or contiguous production. Therefore, the present study was carried out to
address the following specific objectives: (i) determine the effect of MB on Hg(ll)
methylation rates by two mercury-methylating bacteria, D. desulfuricans ND132 and G.
sulfurreducens PCA, which respond differently to various Hg(ll) complexes of organic
ligands, such as LMW thiols and DOM (9, 11, 34); and (ii) examine the influence of MB
on Hg(ll) sorption, internalization, and species distributions in these microorganisms.

RESULTS AND DISCUSSION

MB influences methylmercury production. The addition of OB3b-MB increased
MeHg production substantially by both D. desulfuricans ND132 and G. sulfurreducens
PCA (Fig. 1). Without addition of OB3b-MB, D. desulfuricans ND132 and G. sulfurreducens
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FIG 1 Effect of methanobactin (MB) from Methylosinus trichosporium OB3b (OB3b-MB) on methylmercury
(MeHg) production by washed cells of D. desulfuricans ND132 (a) and G. sulfurreducens PCA (b) in
phosphate-buffered saline (PBS). OB3b-MB (25 wM) was preequilibrated with 25 nM Hg(ll) for 30 min prior
to the addition of cells. Error bars represent one standard deviation (n = 4 to 6 replicate samples) from
3 independent batch experiments.

PCA produced only 5 and 1.3nM MeHg after 120 h [or ~20% and 5% of Hg(ll)],
respectively, consistent with previous findings under similar experimental conditions
(14, 35). When cells were incubated with preequilibrated Hg(ll)-OB3b-MB complexes,
however, MeHg production by D. desulfuricans ND132 increased sharply within 24 h
and reached a plateau after ~72 h (Fig. 1a). More than 90% of the added Hg(ll) was
methylated after 72 h (Fig. 1a), the highest methylation efficiency observed for this
strain in phosphate-buffered saline (PBS) (13, 14, 35). Compared to assays in the
absence of OB3b-MB, the methylation rate constant in the presence of 25 uM OB3b-MB
increased more than an order of magnitude (from 3 X 103 to 3.9 X 1072 h~").
Previous studies reported a methylation efficiency of 40 to 60% by D. desulfuricans
ND132 in the presence of 50 to 100 uM thiols, such as cysteine and glutathione (13, 14,
36). Similarly, for G. sulfurreducens PCA, the presence of OB3b-MB increased the
methylation rate nearly 6-fold, from 0.6 X 1073 to 3.5 X 1073 h~', and resulted in
>35% of Hg(ll) methylated in 120 h (Fig. 1b). This enhanced methylation rate and
extent was much higher than that observed in the presence of 50 uM cysteine, which
increased Hg(ll) methylation rates by 2- to 3-fold, compared to no-cysteine assays (10, 13,
37). Moreover, methylation in the presence of OB3b-MB continued to increase over 120 h
(Fig. 1b), whereas previous studies have shown that Hg(ll) methylation by this strain usually
reaches a plateau after 24 to 48 h either in the presence or absence of cysteine (10, 13, 37).

More significantly, the enhancement effect by OB3b-MB was also observed at low
concentrations of Hg(ll) (1 nM) and MB (1 and 10 wM) either in the presence or absence
of a typical concentration of natural DOM (2 mg liter~) (Fig. 2), which is known to bind
Hg(ll) and affect its uptake and methylation (11, 38). Compared to the absence of
OB3b-MB, addition of only 1 wuM OB3b-MB increased MeHg production by 4- to 5-fold
in 24 h at the initial Hg(ll) concentration of 1 nM by D. desulfuricans ND132, regardless
of the presence or absence of DOM (Fig. 2). In the presence of DOM alone, MeHg
production increased about 50%, as previously observed (11). However, addition of
10 wM OB3b-MB increased MeHg production 7- to 8-fold at 24 h, and nearly 90% of the
added Hg(ll) was methylated at 96 h. These results are comparable to those observed
at relatively high concentrations of Hg(ll) (25nM) and OB3b-MB (25 uM) (Fig. 1a),
although smaller amounts of OB3b-MB (1 to 10 uM) were required to cause the same
fraction of Hg(ll) (60 to 90%) to be methylated at a lower Hg(ll) concentration (1 nM)
(Fig. 2). These results demonstrate the potential role of the chalkophore methanobactin
in enhancing MeHg production under environmentally relevant conditions, since DOM
(containing various small thiols) showed little influence or only slightly increased Hg(ll)
methylation.
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FIG 2 Evaluation of DOM (2 mg liter—") and low concentrations of Hg(ll) (1 nM) and OB3b-methanobactin
(MB, 1 or 10 uM) on methylmercury (MeHg) production by washed cells of D. desulfuricans ND132 (108
cells mI=7) in PBS. Hg(ll) was preequilibrated with MB for 30 min prior to the addition of ND132 cells. Error
bars represent the deviation between the two replicate samples (X1 and X2), defined as the absolute
value of (X1 — X2)/2.

MB influences Hg(ll) sorption, species distribution, and methylation. The mag-
nitude of enhanced Hg(ll) methylation by OB3b-MB is remarkable and unexpected, as
MBs are known to form strong complexes with Hg(ll) (23, 24). It was initially presumed
that the presence of MB would inhibit Hg(ll) methylation, particularly by G. sulfurredu-
cens PCA, but the inverse was observed. To elucidate how OB3b-MB enhanced Hg(ll)
methylation by D. desulfuricans ND132 and G. sulfurreducens PCA, separate experiments
were performed to examine the concentration effects of OB3b-MB on MeHg production
and Hg(ll) species distribution in these microbes. We found that MeHg production
increased with increasing OB3b-MB concentrations up to 25 uM (Fig. 3). At this MB
concentration, ~90% and 20% of the added Hg(ll) were converted to MeHg in 72 h by
D. desulfuricans ND132 and G. sulfurreducens PCA, respectively. However, increasing
OB3b-MB to 50 uM decreased Hg(ll) methylation by both microbes, indicating that the
presence of low to moderate concentrations of OB3b-MB favored the production of
MeHg by both bacterial strains. This enhancement effect appears not to be due to
altered microbial activity, as we found no significant changes in cell metabolic activity
as assessed by measuring consumption rates of an added electron donor (pyruvate)
and acceptor (fumarate), or the production rates of acetate and succinate either with
or without addition of OB3b-MB by D. desulfuricans ND132 (Fig. S1 in the supplemental
material). We also found no significant degradation of OB3b-MB over time, as measured
by UV-Vis and liquid "H-NMR spectroscopy (Fig. S2). While we cannot unequivocally
exclude the possibility of altered metabolic activity, we hypothesized that low to
moderate concentrations of OB3b-MB likely increased the amount of available Hg(ll) by
forming Hg(Il)-OB3b-MB complexes or by inhibiting Hg(ll) from sorbing onto some
unknown binding sites that caused Hg(ll) immobilization or prevented it from being
methylated, as previously observed (13, 14, 39). However, a high MB concentration may
increase competition between OB3b-MB and cells for Hg(ll) binding, resulting in
decreasing Hg(ll) uptake and methylation. In the case of G. sulfurreducens PCA, the
presence of OB3b-MB could also inhibit Hg(ll) reduction (described below) (10, 40, 41),
thereby increasing available Hg(ll) for methylation.

These hypotheses are supported by analyses of Hg(ll) species distributions in the
absence or presence of OB3b-MB during methylation assays (Fig. 4). Although MeHg
distributions were also determined (Fig. S3), here we focus only on the adsorption and

June 2020 Volume 86 Issue 11 e00122-20

Applied and Environmental Microbiology

aem.asm.org 4

Aseaqi uebiyoip Jo Alisianiun 18 0202 ‘vz aunr uo /610 wse wae//:dyy woly papeojumoq


https://aem.asm.org
http://aem.asm.org/

Methanobactin Affects Mercury Methylation

(a) ND132 (b) PCA
25 - 100 10 - 40
20 4 80 8 432
- > =)
I s I
d - .
o 15 —60§ ;6— 124 R
S > I 2
= :‘E = %
10 {40 = 4 4 416
5 - 20 2 4 8

0 25 5 125 25 50 0 25 5 125 25 50
OB3b-MB (uM) OB3b-MB (uM)

FIG 3 Effect of various OB3b-MB concentrations on methylmercury (MeHg) production by washed cells of
D. desulfuricans ND132 (a) and G. sulfurreducens PCA (b) at 72 h in phosphate-buffered saline (PBS). Hg(ll)
(25 nM) was preequilibrated with the indicated amounts of OB3b-MB for 30 min prior to addition of cells.
Error bars represent the deviation between the two replicate samples (X1 and X2), defined as the absolute
value of (X1 — X2)/2.

uptake of the inorganic Hg(ll) species, as most MeHg was rapidly excreted in solution,
as reported elsewhere (34, 39). Without OB3b-MB, most of the added Hg(ll) (21 nM or
~84%) was rapidly taken up by D. desulfuricans ND132 (Fig. 4a). A small amount of
Hg(ll) was converted to MeHg (~0.4 nM at 4 h and 4.3 nM at 72 h). In the presence of
25 uM OB3b-MB, a substantially larger amount (~14 nM) of Hg(ll) remained in solution
at 4 h (Fig. 4b) compared to that in the absence of OB3b-MB (~3 nM; Fig. 4a).
Additionally, the solution-phase Hg(ll) concentration decreased gradually over time and
coincided with increasing MeHg production in the presence of OB3b-MB (Fig. 4b).
These results suggest that OB3b-MB formed soluble complexes with Hg(ll) and either
prevented it from rapidly sorbing to the cell surface and/or becoming immobilized by
cellular material.

Similar to that observed with D. desulfuricans ND132, Hg(ll) was mostly taken up or
internalized within a few hours of incubation with G. sulfurreducens PCA in the absence
of OB3b-MB, with negligible amounts of Hg(ll) left in solution after 96 h (Fig. 4c). Only
a small amount of Hg(ll) was methylated (~1.3nM). In the presence of OB3b-MB,
however, MeHg production increased substantially to ~7 nM at 96 h (Fig. 4d), as noted
above. Meanwhile, a much larger amount (~71%) of Hg(ll) remained in solution at 24
h (Fig. 4d), compared to ~10% of Hg(ll) in the absence of OB3b-MB. About 7 nM (or
28%) of the added Hg(ll) remained in solution after 96 h in the presence of OB3b-MB
(Fig. 4d), compared to <2% in the absence of OB3b-MB (Fig. 4c). We also observed a
smaller amount of Hg(ll) sorption on G. sulfurreducens PCA but a much larger amount
of Hg(ll) methylation (~10 nM) in the presence than absence of OB3b-MB. Additionally,
the presence of OB3b-MB substantially decreased Hg(ll) reduction within the first 24 to
48 h (Fig. 4d). A much smaller amount (~4 nM at 24 h) of Hg(ll) was reduced due to
complexation between Hg(ll) and OB3b-MB. Without OB3b-MB, approximately half of
the added Hg(ll) was reduced in 24 h, although it was reoxidized over time (Fig. 4c), as
G. sulfurreducens PCA is known to reduce or oxidize Hg over time (10, 40).

Analyses of Hg(ll) species distributions for both D. desulfuricans ND132 and G.
sulfurreducens PCA indicate that, in the absence of OB3b-MB, Hg(ll) internalization was
rapid, yet Hg methylation rates were much lower than when OB3b-MB was present.
Inversely, in the presence of OB3b-MB, Hg(ll) sorption and internalization were lower
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FIG 4 Mercury (Hg) species distributions during Hg(ll) methylation assays with washed cells of D. desulfuricans
ND132 (a, b) and G. sulfurreducens PCA (c, d) in phosphate-buffered saline (PBS). Experiments in panels b and d
were performed in the presence of 25 uM OB3b-MB, which was preequilibrated with 25 nM Hg(ll) in PBS prior to
the addition of cells (108 cells ml—1). THg, Hg(O)aq, IHg ()., Hg(ll), 4. IH(I) e, and MeHg denote concentrations
of total Hg, dissolved elemental Hg(0), soluble inorganic Hg(ll), cell-surface adsorbed Hg(ll), intracellular uptake of
Hg(ll), and total methylmercury (MeHg), respectively. Error bars represent the deviation between the two replicate
samples (X1 and X2), defined as the absolute value of (X1 — X2)/2.

and more Hg(ll) remained in solution, but much larger amounts of Hg(ll) were meth-
ylated. These observations suggest that Hg(ll) internalization does not by itself lead to
Hg(ll) methylation, as observed in previous studies (13, 14, 39). The data indicate that
the mechanism of Hg(ll) uptake may control internal transfer of Hg(ll) to the HgcAB
proteins responsible for its methylation. In the presence of OB3b-MB, Hg(ll) sorption
and uptake via more predominant, lower-affinity binding sites not involved in transfer
of Hg(ll) to HgcAB were likely prevented, thus facilitating more direct transfer of Hg(ll)
to HgcAB. This phenomenon could explain the observed lower rates of Hg(ll) sorption
and uptake in the presence of OB3b-MB. This hypothesis is supported by the finding
that, at best, only slightly enhanced Hg(ll) methylation (<15%) was observed when D.
desulfuricans ND132 was exposed to Hg(ll) for 1 h prior to the addition of OB3b-MB (Fig.
S4). In this case, most Hg(ll) would be rapidly sorbed or immobilized, as observed in the
absence of OB3b-MB (Fig. 4a), and thus become unavailable for methylation.
Comparisons between MBs and thiols on methylmercury production. To further
explore mechanisms of MB-enhanced Hg(ll) methylation, we compared the effect of
OB3b-MB with a structurally different methanobactin, SB2-MB (Table S1), and several
LMW thiols (cysteine, glutathione [GSH], and 2,3-dimercapto-1-propanesulfonic acid
[DMPS]). These thiols were chosen because of known impacts on Hg(ll) methylation by

June 2020 Volume 86 Issue 11 e00122-20

Applied and Environmental Microbiology

aem.asm.org 6

Aseaqi uebiyoip Jo Alisianiun 18 0202 ‘vz aunr uo /610 wse wae//:dyy woly papeojumoq


https://aem.asm.org
http://aem.asm.org/

Methanobactin Affects Mercury Methylation

(a) ND132 (b) PCA
25 - I No thiol . 10 - I No thiol .
I 0B3b-MB I 0B3b-MB
Bl sB2-vB Bl sB2-vB
I Glutathione I Glutathione
20 - [ cysteine 1 8 1 [l Cysteine T
I bvPs I bvmPs
< 15 1 Z6- .
o
£ £
© ]
= 104 = 44
5 - 24
0 0
4 24 72 4 24 72

Time (h) Time (h)

FIG 5 Comparisons between LMW thiols and OB3b-MB and SB2-MB on methylmercury (MeHg) produc-
tion by washed cells (108 ml~") of D. desulfuricans ND132 (a) and G. sulfurreducens PCA (b) in phosphate-
buffered saline (PBS). The added Hg(ll) concentration was 25 nM and MB concentration was 25 uM. The
added thiol concentration was 50 uM for glutathione and cysteine and 100 uM for 2,3-dimercapto-1-
propanesulfonic acid (DMPS), as previously described (13, 14). Error bars represent one standard
deviation (n = 4 replicate samples) from 2 independent batch experiments.

D. desulfuricans ND132 and G. sulfurreducens PCA (9, 10, 13). Interestingly, despite its
similarities with OB3b-MB, SB2-MB did not stimulate Hg(ll) methylation by D. desulfu-
ricans ND132 (Fig. 5a) and inhibited methylation by G. sulfurreducens PCA (Fig. 5b).
More specifically, D. desulfuricans ND132 produced only about 3.0 and 4.4 nM MeHg at
24 and 72 h, respectively, in the presence of SB2-MB, which are levels similar to those
produced in the absence of either OB3b-MB, SB2-MB, or thiols. For G. sulfurreducens
PCA, the presence of SB2-MB nearly abolished MeHg production, with only 0.3 nM
MeHg produced in 72 h (Fig. 5b).

Consistent with previous observations (10, 11, 13), addition of cysteine and gluta-
thione (50 uM each) increased Hg(ll) methylation by D. desulfuricans ND132, albeit to
lower levels than those observed in the presence of OB3b-MB (Fig. 5a). After 72 h, about
11 to 12 nM MeHg was produced by D. desulfuricans ND132 in the presence of cysteine
or glutathione compared to 22.4 nM MeHg in the presence of OB3b-MB. Addition of
cysteine also enhanced MeHg production by G. sulfurreducens PCA [4.1 nM or 16% of
Hg(ll) after 72 h], but glutathione halted Hg(ll) methylation (Fig. 5b) (9, 10). Similarly, the
di-thiolate chelator DMPS (100 wM) completely inhibited Hg(ll) methylation by both D.
desulfuricans ND132 and G. sulfurreducens PCA, as reported previously (13, 14). Collec-
tively, these results indicate that, similar to the effects of many thiol compounds,
methylating bacteria respond differently to different methanobactins. Such a differen-
tial response may be due to physiological differences between sulfate and iron reduc-
ers, e.g., different surface-binding moieties (34, 42) and/or uptake mechanisms (9, 11,
14). SB2-MB behaved somewhat similarly to glutathione or DMPS in affecting Hg(ll)
methylation, whereas OB3b-MB behaved like cysteine in enhancing Hg(ll) methylation.

These observations imply that the thermodynamic stability of Hg(ll)-MB complexes
and their molecular structures may be important in controlling Hg(ll) interactions and
uptake by D. desulfuricans ND132 and G. sulfurreducens PCA. Previous studies have
shown that SB2-MB, which contains one oxazolone and one imidazolone ring (Table
S1), preferentially binds Hg(ll) over Cu(ll), whereas OB3b-MB has two oxazolone rings
and preferentially binds Cu(ll) over Hg(ll) (23, 25). Both forms of MB use N,S, moieties
on these heterocyclic rings to bind Hg(ll), but the binding constant of SB2-MB for Hg(ll)
(~10>> mol~") is about 18 orders of magnitude higher than that of OB3b-MB
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(1.0 X 107 mol~") (23-25), which could thus slow down or prevent Hg(ll) from sorption
or uptake, as observed with OB3b-MB (Fig. 4). The difference in Hg(ll) binding affinity
could also explain why increasing OB3b-MB concentrations (i.e., 50 uM) decreased
MeHg production (Fig. 3), as there was increased competition between OB3b-MB and
cells for Hg(ll) binding.

Cell surface structures and binding sites could also be crucial in affecting Hg(ll)
sorption and ligand-exchange reactions. Only certain binding sites may be responsible
for exchanging Hg(ll) and directing it to the HgcAB proteins for methylation, whereas
others sorb Hg(ll) and immobilize it, making it unavailable for methylation. The com-
plexation of Hg(ll) by OB3b-MB likely facilitated Hg(ll) to those binding sites where
exchange and transfer reactions took place. The observation that OB3b-MB enhanced
Hg(ll) methylation more than cysteine did support the notion that Hg(ll) complexed by
OB3b-MB may be more readily available and transferred to HgcAB than that complexed
by cysteine. Additionally, relative abundances and steric arrangements of cell binding
sites may partially explain differences observed in Hg(ll) methylation between the two
bacterial strains, as D. desulfuricans ND132 cells are known to contain more sulfhydryl
functional groups than G. sulfurreducens PCA cells (11, 42).

Hg(ll) is unlikely to be taken up as an intact Hg(ll)-OB3B-MB complex based on the
theory of bio-uptake of metal ions (43, 44). That is, OB3b-MB is a ribosomally synthe-
sized posttranslationally modified peptide with molecular weight of 1,154.3 Da, and its
uptake requires a specific TonB-dependent transporter, MbnT (45). A simple blastP
analysis indicates that there is no gene in the genome of D. desulfuricans ND132
encoding a product similar to MbnT, and possibly two genes in the genome of G.
sulfurreducens PCA. However, the E values for these two genes are quite high (>1074),
indicating that these TonB-dependent transporters are dissimilar to MbnT and thus
unlikely to take up metal-MB complexes. Additional studies are thus warranted to verify
whether MB can be taken up by these microbes. The postulation that MB is not taken
up by D. desulfuricans ND132 and G. sulfurreducens PCA, however, is indirectly sup-
ported by the observation that little or no enhanced Hg(ll) methylation was observed
when the order-of-addition sequence for OB3b-MB and ND132 was reversed (Fig. S3),
i.e., cells were incubated with Hg(ll) for 1 h before addition of OB3b-MB. Only when
Hg(ll) and OB3b-MB were preequilibrated was significant enhancement of Hg(ll) meth-
ylation observed. On the contrary, a previous study has shown that cysteine could
enhance Hg(ll) methylation, regardless of whether cysteine is added before or after D.
desulfuricans ND132 has reacted with Hg(ll) (13). This suggests that cysteine, but not
OB3b-MB, may be taken up by D. desulfuricans ND132 and thus make some immobi-
lized Hg(ll) available for methylation. Other studies have also shown that cysteine could
be degraded to form sulfide by both D. desulfuricans ND132 and G. sulfurreducens PCA
and could thus decrease Hg(ll) availability by forming HgS (11, 46).

In summary, we report that OB3b-MB increases the rate and extent of Hg(ll)
methylation more than that observed in the presence of LMW thiols and DOM (10, 11,
13, 39). This enhanced Hg(ll) methylation is hypothesized to result from Hg(ll) compl-
exation with OB3b-MB (23-25), which facilitates Hg(ll) exchange with the cell and then
transfer to HgcAB for methylation. This hypothesis is supported by Hg(ll) speciation
analyses (Fig. 3), in which the rates of Hg(ll) sorption and internalization were inhibited
but methylation increased in the presence of OB3b-MB. Without OB3b-MB, the sorption
and internalization of Hg(ll) were rapid, but the rate and extent of Hg(ll) methylation
were much lower than those levels observed in the presence of OB3b-MB.

Methanobactins, however, vary in forming complexes with Hg(ll) and affecting Hg(ll)
uptake and methylation, as observed with various thiol compounds (9-11, 13). SB2-MB
showed little influence on Hg(ll) methylation by D. desulfuricans ND132 and inhibited
Hg(ll) methylation by D. desulfuricans PCA, suggesting that structural differences be-
tween SB2-MB and OB3b-MB played an important role in cell exchange and uptake of
Hg(ll). The Hg(ll)-SB2-MB complex may be too strong or sterically hindered for cells to
compete with the ligand for Hg(ll) binding or uptake (Fig. 4), whereas Hg(ll)-OB3b-MB
and Hg(ll)-cysteine complexes facilitate Hg(ll) exchange and its transfer to HgcAB. A
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high ligand concentration (e.g., OB3b-MB, cysteine, etc.) can increase competition for
Hg(ll) binding, leading to decreased methylation. Therefore, structural differences and
thermodynamic stability of Hg(ll)-ligand complexes appear to control the ability of cells
to competitively exchange Hg(ll) and then direct it to the HgcAB for methylation.

The present study suggests the potential role of MBs in affecting microbial meth-
ylation in the environment. As stated above, not only do methanotrophs predominate
at the oxic/anoxic interface where CH, and MeHg may be observed, their presence/
activity is measurable under micro-oxic/anoxic conditions (29-31). Further, metha-
notrophs have been observed to secrete substantial (~50 uM) amounts of MB in
laboratory systems (19, 27, 28), and in vitro studies show that methanotrophs, through
production of MB, can affect the activity of denitrifying bacteria (26). Although there are
no published studies that have directly examined either the amount or location of MB
produced in situ, such production likely exists and may thus influence Hg(ll) methyl-
ation by organisms such as D. desulfuricans ND132 and G. sulfurreducens PCA near the
anoxic interface. Interestingly, however, methanotrophs can also degrade MeHg, and MB is
necessary for demethylation to occur (17). Therefore, the production, release, and transport
of exogenous MBs could significantly impact both the production and degradation of
MeHg. Future studies are warranted to further explore potential interactions among various
microbial communities and complex interplay among various MBs and LMW thiols in
controlling Hg(ll) chemical speciation, microbial uptake, and ultimately net MeHg produc-
tion in natural environments.

MATERIALS AND METHODS

Reagents and chemical preparation. Reagent-grade organic ligands, including L-cysteine (CYS),
glutathione (GSH), and 2,3-dimercapto-1-propanesulfonic acid (DMPS), were purchased from Sigma-
Aldrich. OB3b-MB and SB2-MB were isolated and characterized, as described in detail elsewhere (22-24),
and their chemical structures are shown in Table S1 of the supplemental material. Phosphate-buffered
saline (PBS), consisting of 0.14 M NaCl, 3 mM KCl, 10 mM Na,HPO,, and 2 mM KH,PO, at pH 7.4, was
sterilized via autoclaving and then deoxygenated by boiling and purging with ultrahigh purity N, gas for
at least 2 h (10, 11, 47). Stock solutions of PBS were subsequently kept in an anoxic glove chamber (with
98% N, and 2% H,) for at least 24 h before use. The MB solution was prepared freshly by dissolving a
preweighed amount of MB in PBS in a glass vial and then diluted and used for Hg(ll) methylation assays.

Microbial Hg(ll) methylation and uptake assays. The sulfate-reducing bacterium D. desulfuricans
ND132 and the iron-reducing bacterium G. sulfurreducens PCA were used as two model Hg(ll) methylators
to assess the impact of MB on microbial Hg(ll) methylation (9, 36, 37). D. desulfuricans ND132 was
cultured in a modified minimal organic yeast (MOY) medium containing 40 mM fumarate and 40 mM
pyruvate, whereas G. sulfurreducens PCA was cultured in the nutrient broth Basal salts containing 40 mM
fumarate and 20 mM acetate at 30°C, as previously described (10, 11, 47). Cells were harvested during
mid-exponential phase at an optical density at 600 nm (ODg,,) of 0.3 and washed three times by
repeated centrifugation (at 1,200 X g, 10 min, 25°C) and resuspension in PBS. All washing steps and
subsequent Hg(ll) methylation assays were conducted in the anoxic chamber.

Hg(ll) methylation assays were performed by preequilibrating a solution with fixed Hg(ll) (25 nM as
HgCl,) and MB (25 uM) concentrations for 30 min in PBS in an anoxic chamber. An aliquot of the washed
cell suspension (0.5 ml) was then added to give a final concentration of 1 X 108 cells mI~" in 4-ml amber
glass vials. Samples were supplemented once (at t = 0 h) with T mM (each) pyruvate and fumarate for
D. desulfuricans ND132 or 1 mM (each) acetate and fumarate for G. sulfurreducens PCA as the respective
electron donor and acceptor. Final solution volume was 1 ml. All vials were immediately sealed with
polytetrafluoroethylene (PTFE)-lined silicone screw caps and placed on a rotary shaker at 90 rpm in the
anoxic chamber in the dark at 23°C. At select time points, replicate samples (2-4) were taken out of the
anoxic chamber and an aliquot (0.1 ml) was immediately extracted and analyzed for MeHg (described
below). The remaining sample was oxidized in BrCl (5% vol/vol)-HCl (0.2 M) overnight at 4°C for total Hg
analysis. Similar experiments were performed in the presence of various concentrations of MB (2.5 to
50 uM), cysteine, glutathione, or DMPS, representing important thiol ligands commonly observed and/or
used in biogeochemical investigations of Hg(ll) transformations (9, 13, 14). Additional methylation assays
were performed at low Hg(ll) (1 nM) and MB (1 and 10 uM) concentrations either in the absence or
presence of DOM (2 mg liter—"), as previously described (11, 48, 49). Parallel experiments were also
performed without cells as negative controls.

To determine Hg(ll) uptake and species distribution during Hg(ll) methylation, a strong Hg(ll)-
chelator, DMPS, was added to a subset of sample vials to wash off cell-surface-adsorbed Hg(Il) and
MeHg, as previously described (13, 14, 47). Briefly, a set of six sample vials was taken out of the
anoxic chamber and analyzed for both inorganic Hg(ll) and MeHg species as follows. Two of the
samples were used for MeHg and total Hg(ll) (THg) analyses, and another two samples were filtered
through 0.2-um Acrodisc syringe filters (13 mm, Pall) to remove cells and analyzed for total soluble
Hg(ll) (Hg,,) and MeHg,,, in the same manner. Soluble inorganic Hg(ll) [IHg(ll),,,] was calculated by
subtracting MeHg,,, from Hg,,,. A small aliquot (10 ul) of DMPS was added to the two remaining
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samples to obtain a final concentration of 0.1 mM. These samples were equilibrated for an additional
15 min to wash off cell-surface-adsorbed Hg(ll) (Hg,..) (including the adsorbed MeHg, or MeHg,.),
as DMPS forms strong complexes with Hg(ll) (13, 14, 47). Samples were again filtered and analyzed
in the same manner. Hg,y, was determined by the difference between the amounts of Hg(ll) in
filtrate solutions with and without the DMPS wash. Similarly, surface-adsorbed inorganic Hg(ll)
[IHg(Il),4.] was calculated by subtracting MeHg,,. from Hg_,,, and intracellular Hg(ll) [IHg(Il)..,] was

calculated by subtracting Hg,,, and Hg,4, from THg [i.e., IHg(ll)

cell

MeHg distributions were also calculated in the same manner.
Hg(ll) and MeHg analyses. Total Hg(ll) was determined by reduction with SnCl, and detection of
purgeable gaseous Hg(0) using a cold vapor atomic absorption spectrometer (CVAAS) (RA-915+, Ohio
Lumex Co., Cleveland, OH) (10, 14, 38). The detection limit was 2.5 X 10~4nM. MeHg was analyzed using
a modified version of EPA Method 1630, where MeHg was extracted from samples via distillation and
ethylation. Corrections for potential matrix interferences were made by adding isotopically labeled
Me2°°Hg to each sample as an internal standard (13, 14, 35). Extracted MeHg was analyzed using an
automated MERX purge and trap system (Brooks Rand, Seattle, WA), followed by detection on an
inductively coupled plasma mass spectrometer (ICP-MS) (Elan DRC-e; PerkinElmer, Shelton, CT). One
blank (Milli-Q water) and one randomly selected sample spiked with a known amount of MeHg were run
in parallel every 30 samples. Additionally, MeHg reference standards (Brooks Rand) were run every 10 to
15 samples for quality assurance and quality control. The recovery of spiked MeHg standards was within
100% = 10%, and the detection limit was about 3 X 10~>nM MeHg. Data points in all figures represent
an average of 2 to 6 replicate samples from 1 to 3 batch experiments, and error bars represent one
standard deviation (n > 2) or the deviation between the two replicate samples (X1 and X2), defined as
the absolute value of (X1 — X2)/2. Where error bars are not visible, the symbol size is greater than the
magnitude of the deviation.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.
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