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Dissolved organic matter and mercury in aquatic systems
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A number of biogeochemical processes that influence the fate, bioavailability and
transport of mercury (Hg) in aquatic systems are often controlled by interactions with
dissolved organic matter (DOM). Laboratory based research demonstrates that DOM
binds with mercury very strongly and exerts controls on Hg solubility by the stabilization
of nanocolloidal HgS. Field studies across a range of watershed types reveal strong
correlations between DOM and total dissolved Hg concentrations in almost all systems,
supporting the hypothesis that DOM controls the concentration and transport of
dissolved Hg in aquatic systems. Last, mesocosm experiments designed to measure
the influence of DOM on Hg biogeochemistry under field settings demonstrate that, in
addition to increasing concentrations of dissolved Hg, DOM additions also substantially
increased the bioavailability of Hg as evidenced by notable observed production of
methylmercury.
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The interaction of Hg with dissolved organic matter (DOM) under equilibrium conditions
has been the focus of many studies but the kinetic controls on this interaction has often
been overlooked. This study examined the rate of Hg-DOM complexation through
reactive Hg (HgR) measurements to differentiate inorganic and DOM complexed Hg in
the Upper East Fork Poplar Creek (UEFPC) in Oak Ridge, TN. Results indicate that
>90% of the dissolved Hg was present as HgR at the headwaters of the creek but a
decrease in HgR was observed downstream (>25% of dissolved Hg at all sites
examined). The presence of HgR throughout the creek suggests complexes other than
Hg-DOM are present and equilibrium complexation has not established. The formation
rate of HQ-DOM complexes was further examined in the laboratory using a DOM isolate
and similarity between the rates measured in creek water and in DOM solutions
suggests that the formation rate of the Hg-DOM complexes is important in controlling
the complexation of Hg in UEFPC.
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The aqueous speciation of Hg(ll) in the contaminated East Fork Poplar Creek (EFPC) at
Oak Ridge, Tennessee, is not well understood despite the recognition of important roles
played by dissolved organic matter (DOM) in controlling the transport, transformation
and bioavailability of mercury in the system. In this study, subfractions of DOM (i.e.,
hydrophobic and hydrophilic acids) were isolated from EFPC surface water, and their
chemical structure and specific functional groups (e.qg., thiols, carboxyls and phenols)
were characterized by chemical and spectroscopic techniques. The conditional stability
constants of Hg(Il) complexes with DOM-isolates were determined using a modified ion



exchange method and an equilibrium dialysis ligand exchange (EDLE) technique.
Results indicate that Hg(ll) forms the strong complexes with DOM through thiol-like
functional groups (-SH). Model calculations suggest that Hg(l1)-DOM complexes are the
dominant species in EFPC surface waters and may control the reactivity and
transformation of mercury under site-specific conditions.
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Mechanisms of the reduction and emission of HgCl, from surfaces
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Soils and other surfaces are significant sources of mercury to the atmosphere. Divalent
mercury [Hg(I)], including HgCl,, is deposited to surfaces via wet deposition and
subsequently reduced to elemental mercury Hg(0) and volatized from the surface. While
numerous factors are known to facilitate the reduction and emission of Hg(ll) from
surfaces, the mechanisms involved in this process remain unclear. We have conducted
a series of laboratory experiments in which HgCl,, Hg(0), and other species of mercury
were added to various artificial surfaces (sand, homogenized soil, and Teflon) and the
flux of mercury from these surfaces was monitored using a standard Teflon dynamic flux
chamber and Tekran 2537A. Results from these studies indicate that HgClI, can be
reduced to Hg(0) in the absence of any third-party electron donor. Gaussian software
was then used to model Density Functional Theory with a B3LYP functional to find
electron density of ground state properties of HgCl,. The molecule was found to be
linear and approaches a transition state at a bond angle of 62 degrees. Further
research is currently underway to model the products produced during this transition
and the factors that can influence bond vibration to that angle. Results from this work
will be presented.
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Effect of oxalate and cysteine on desorption of Hg(ll) on kaolinite
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Desorption of Hg(ll) on kaolinite as affected by oxalate and cysteine was studied by
varying pH (3-7), ligand concentration (0.25, 1.0 mM), and temperature (15-35 °C). The
desorption strongly depended on pH, increasing with decreasing pH. Without organic
ligands, >90% of Hg(ll) desorbed at pH 3 within 2 h, but <10% at pH 7; the desorption
was similar with oxalate. The pH effect was much less for cysteine, with similar
desorption (~20-50% in 2 h) at all pH studied. These observations are consistent with
the previous finding that Hg(ll) is sorbed favorably as hydroxylated species at high pH,
suggesting that oxalate is probably ineffective in enhancing the Hg(ll) desorption
because of its weak binding with carboxyl ligand. Cysteine greatly decreased the Hg(ll)
desorption, especially at low pH. This may result from the ternary complex formation
between kaolinite and cysteine through carboxylic groups and between cysteine and
Hg(ll) through thiol groups.
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Allosteric control mechanism of the mercury-responsive transcriptional regulator
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Bacteria participate in mercury transformation in natural and industrial environments.
The bacterial mer operon in transposons or plasmids mediates mercury resistance by
encoding specific genes that facilitate uptake of mercuric species, cleavage of Hg-C
bonds, and reduction of Hg(Il) to Hg(0). MerR responds specifically to nanomolar levels
of Hg(ll) by activating the transcription of the mer operon genes. Small angle x-ray
scattering experiments and molecular dynamics were applied to study the allosteric
control mechanism of MerR in the presence and absence of Hg(ll). Binding of Hg(ll)
induces a significant reorientation of the MerR homodimer that causes two DNA-binding
domains to open and rotate. A population-shift mechanism is proposed causing DNA-
underwinding by MerR. This mechanism could explain why the Hg(ll)-bound MerR has
a lower affinity to DNA than the Hg(ll)-free form. Here, we present the complete
dynamics of transcription activation by MerR upon Hg(ll)-binding.
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Mechanism of Hg-C protonolysis in the organomercurial lyase MerB
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The bacterial organomercurial lyase, MerB, catalyzes the demethylation of
organomercurials via Hg-C protonolysis. Two Cys residues in the active site are
required for catalysis, but the source of the catalytic proton and the detailed reaction
mechanism have not been determined. Here, two proposed reaction mechanisms for
MerB protonolysis are investigated using density functional theory calculations. A model
of the active site was constructed from an X-ray structure of MerB. Calculations with the
methylmercury substrate rule out direct protonation of the leaving group by Cys96.
Instead, the calculations support a two-step mechanism in which Asp99 abstracts a
proton from Cys96 and then protonates the nascent carbanion leaving group to cleave
the Hg-C bond and release the hydrocarbon product. Computed activation barriers for
three organomercurial substrates reproduce experimental reaction rates. Analysis of
atomic charges using Natural Population Analysis reveals how MerB lowers the barrier
in the Hg-C protonolysis reaction.
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A variety of biogeochemical characteristics (including total mercury, THg, and
methylmercury, MeHg) were analyzed for surface water, solil, flocculent detrital material
(floc), periphyton, and mosquitofish samples collected from 228 randomly located
stations in the Florida Everglades to investigate the biogeochemical controls on Hg
distribution and bioaccumulation in this wetland ecosystem. Correlation and multiple
regression analysis suggested that multiple biogeochemical characteristic, such as
surface water dissolved organic matter (DOCSW), pH, chloride, and compositional
properties of solid compartments, are important factors controlling Hg distribution and
bioaccumulation. For example, significant correlations (P<0.001) between Hg (THg and
MeHg) and DOCSW were observed across the ecosystem. Moreover, the MeHg/THg
ratio also correlated positively with DOCSW, suggesting Everglades DOC has stronger
binding capability with MeHg than with THg. A strong inverse correlation between
bioaccumulation factor (BAF) for MeHg in mosquitofish and DOCSW (R=-0.639, N=167,
P<0.001) indicates that DOC may decrease bioavailability of MeHg in water.
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A mechanistic mercury cycling model of the NY/NJ Harbor used to relate mercury
loadings to concentrations in water, sediment and biota.
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A goal in managing mercury (Hg) in the environment is to predict the response in Hg
levels to decreases in loading. There are several key processes in the Hg
biogeochemical cycle that do not necessarily respond linear with loading rates.
Accordingly, a process-based Hg modeling framework is being applied to develop the
Hg TMDL for the NY/NJ Harbor. The modeling framework is 3-D and time variable and
includes linked hydrodynamic transport, sediment transport, and organic carbon
production modules. Demethylation was modeled as an abiotic process in surface
waters and as microbial processes in the sediment. Methylation was modeled as a
function of anaerobic microbial activity and the chemical bioavailability. Mercury
interactions with major ions, sulfide, dissolved and particulate organic carbon and other
solid phases are modeled using chemical speciation calculations. Site-specific loading
response relationships in the model suggest that mercury in the water, sediment and
fish responds slowly (>30 years) and that projected drivers of future Hg are head-of-tide,
runoff, and bed sediments.



