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Brief History of Mercury Contamination
at the Oak Ridge Site

* 1950-1963 industrial processes at Y-12 required >10 million
kg Hg

» >127,000 kg Hg released to EFPC il
- >300,000 kg lost to sediments WARNING
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* Hg also present in sites, building
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foundations, infrastructure

Tennessee Department of
A Environment aqd Conservation

« East Tennessee receives >
127 cm precipitation annually

- Facilities modernization may
increase Hg export to streams



Mercury Losses to East Fork Poplar Creek

12000

10000

8000

6000

4000

2000

Sum 1955 — 1983 = 99,300 kg

HNO, wash process

/ COLEX process ends

3 f— c— c—
)
a
J
U

1965 1970 1975 1980

2.0

1.5

1.0

0.5

0.0

1998 2001 2004

2007




Source control has not lowered Hg in fish

* Mercury bioaccumulation in fish is not proportional to
concentrations of waterborne Hg:

Station 17 (EFK 23.4)
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- At contaminated sites, there is no model relating methyl Hg
and total Hg in water

* Inorganic Hg inputs will continue; alternative strategies to
reduce methylation needed

Basic research need: To elucidate the controls on
net methyl Hg production
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log(Total MeHg (pM))

Oak Ridge Reservation offers a unique
opportunity to explore what controls the
level of methylmercury in the environment
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* Lakes

= Rivers

A Wetland
Estuaries

° ORR

- S. River

~ ORR Ref sites

log(Total Hg (pM))

Is methylation inhibited?
Is demethylation enhanced?
What forms of Hg are bioavailable?

Relationship between
total Hg and
methylmercury in
water

EFPC MeHg is lower
than might be
expected

Lowering Hg does not
appear to lower MeHg



Research Goal

Provide scientific understanding of the rates and
mechanisms of net methylmercury production in the
environment

Scope and Objectives

» Elucidate the rates, mechanisms and controls of abiotic and
microbial processes affecting Hg speciation and transformation

» Resolve what and how critical Hg precursors are produced and
subsequently methylated

» Understand fundamental microbial subcellular mechanisms by
studying the structure and dynamics of biological
macromolecules involved in the acquisition, transport and
transformation of major Hg species and MeHg

» Determine the net balance of methylation and demethylation
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Research Tasks and Objectives

Rates and mechanisms of Hg
speciation, complexation, redox,
surface and photochemical reactions
that impact methylation and
demethylation

2. Fundamental Mechanisms and
Rates
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4. Molecular Structure, Dynamics

and Simulation

1. Site Biogeochemistry and
Key Hg Microcosm Studies

transformations,
geochemical
controls on Hg
methylation-
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balance
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Genetics ‘ mercury
b methylation,
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controls on
gene expression
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microbial

mercury
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l. Site biogeochemical processes and
microcosm studies
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Site Investigations

e Chemical, physical, microbial data relevant
to Hg transformations (Tasks 1-3)

Hg reactivity

e Correlating Hg reactivity with methylation
potential

Methylation Bioassay
* Hg speciation and methylation rate
Microcosm Studies

* Methylation/ demethylation in ecologically
intact system

Enclosure Studies

* key variables on net methylation in-stream

Data Analysis, Geochemical
Modeling, Site Conceptual and\‘; o
Numerical Model

* Critical understanding of Hg
flux, biogeochemical controls,
and microbial determinants
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Current Research
» Hg(ll) speciation analysis in EFPC at equilibrium
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» Hg(ll)-DOM complexes dominate in the EFPC water (using Haitzer et al.
Log K = 28.7 for 1:2 thiols and Log K = 10 for 1:1 carboxyl complexes)

> DOM isolates (hydrophobic and hydrophilic fractions) obtained from
EFPC; Log K’s determined (22-24)

» Hg(ll)-HPB DOM complexes dominate within pH 4 and 8 at [HPB] = 1.1
ppm and [HPL] = 0.6 mg/L



1l. Fundamental mechanisms and

transformatlons
- = Speciation and geochemical controls
g-
complexes - 7 "+« Rates and mechanisms, oxidation/reduction
. Slngle. reactant to mult.l-comporrent systems.
— * Real-time spectroscopic analysis coupled with
CVAA or CVAFS analysis
plaltzer et (2009 = Roles of DOM and POM in Hg methylation,
demethylation, and redox transformations

« Specific moieties and functional groups

400 — : 100
E\Total\m/#?<* . EXAF_S analysis, speciation and coordination
% 300 s — Patticuiate 10 E‘J Chemlstry
g 200 /%pamcu'ate 180 3 * Species, models, and effects on bioavailability
3] 3=
5 Hg species in UEFPC > . .
= 0f x gy 2000-2006) {70 = Catalyzed surface and photochemical reactions
e * Roles in Hg reactivity and demethylation

OEFK 234 EFK 182 EFK 38 EFK 63"

* Sorbed species and reactions
« Labeled stable isotope studies

MeHg nitrate
Barradell et al. (1993)

Critical understanding of dominant Hg
species, its bioavailability, and
biogeochemical controls on rates and
— e A mechanisms of Hg methylation and
. demethylation




Hg(l1)-DOM formation kinetics in EFPC creek
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Equilibrium Hg-DOM complexation is not established in UEFPC 2.5 km
Kinetic limitation is further supported by the loss of HgR from the creek water

Kinetics of Hg(ll)-DOM complexation should not be overlooked



Implications of Hg-DOM reaction kinetics

Hg2* + NOM < Hg-NOM

HgR (Hg(OH,), Hg-LMW...)

Hg?*

25 | Geobacter sulfurreducens
(Schaef er and M orel 2009) =]

— — = No thiol
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* Impact on species analysis and modeling (task 1)
- Impact on bioavailable Hg(ll) species and Hg(ll) uptake?
« Methylation and demethylation rates?
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l1l. Microbial and genetic controls
on mercury methylation

Desulfovibrio africanus

(SEM by Dwayne Elias, U of Missouri)
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@ Hg methylator

S

Genome wide PCA of COGs

Desulfovibrio cell pellet
grown wjth and without Hg

= Elucidate the genetic determinants of methyl Hg production
and regulation
« Comparative gene expression, mutagenesis, and complementation

= Determine the effect of geochemical factors on gene
regulatory networks for mercury methylation

 Use whole genome microarrays to examine both biotic and abiotic
effects on the methylating and nonmethylating Desulfovibrio
transcriptomic profiles
= Examine relationships among community structure,
geochemical conditions, and methyl Hg production in
sediments collected from Hg-contaminated sites

* Functional gene arrays
* 16S rRNA gene clone library analysis

*Critical understanding of the genetic
basis of the methylation and demethylation
processes and the geochemical controls
on microbial transformation.

>
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Taxonomic Diversity Analysis Using
454 Pyrosequencing N

[ Betaproteobacteria
HC March 2008' I Deltaproteobacteria
454 Average [ Gammaproteobacteria
[ Epsilonproteobacteria
I Proteobacteria Unclassified
I Bacteroidetes Bacteroidetes
[ Bacteroidetes Flavobacteria
[ Bacteroidetes Sphingobacteria
B Bacteroidetes Unclassified
B Firmicutes Clostridia
@ Firmicutes Bacilli
EE Firmicutes Unclassified
N Acidobacteria
@ Actinobacteria
B Planctomycetes
I Chloroflexi Chlorofiexi

Completed year long study of
microbial community structure
with 454 sequencing

> 6 sites

» Seasonal samples

» Duplicates
Two 454 runs to get the
phylogenetic data for 59 samples

» > 500,000 16s sequences in 59

samples

Found much higher diversity than
with clone libraries
First sequencing of methylators in
Desulfovibrio enabling comparative
genomics
Will examine relationships between
microbial community structure to
geochemistry, FGA

Chloroflexi Anaerolineae
@ Chloroflexi Unclassified
@2 Cyanobacteria

EE Spirochaetes

@ Verrucomicrobia
Nitrospira
Gemmatimonadetes
Bl Chlamydiae

B Deinococcus-Thermus
B3 Fusobacteria

BN Bacteria OD1

@ Bacteria WS3

B3 Bacteria TM7

Bacteria OP10

N Bacteria BRC1
Bacteria SR1

@ Bacteria Unclassified

EFPK 23.4
March 2008,
454 Average

SFATASK 3



IV. Molecular structure, dynamics and

simulations
= Establish biochemical pathways in
_ o bacterial demethylation
I PN ,/ = Obtain structure of protein/protein
e \ reipasn ~ @and protein/DNA complexes
M(Merc) ’i’ oo - * Apply small angle neutron scattering to reveal
' - structure-function relationships

= Reveal enzymatic mechanisms to
understand the processes of

Cytosol
demethylation and reduction
Sl . .
* Use quantum mechanical/molecular mechanical
imulations
(MerB) s S
RSHgSR N-terminus MerD

activation of Pt

7\ N *Critical understanding of the biochemical
[\Pt_ and biophysical mechanisms in Hg

RAPNN oo Vo2 Db tmret AN\ NS/ ANNN\N NG o transformation (demethylation and

p— =y methylation) by developing and
repression of Pr validating subcellular models and
investigation of structure-function
Barkay, T., S.M. Miller, and A.O. Summers: FEMS Microbiol Rev, relationships

2003. 27(2-3): p. 355-84.
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Examples of Current Research

« Studies of conformational change of homodimeric MerR by small angle scattering

Indirect Fourier
transformation

DNA
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* The allosteric effector Hg(ll) induces a conformational
change from a compact structure to a conformation with

two separate domains
* AR;=1.7%06A.

35 | 19 bp spacer | -10 Start transcript

Prerrean CGCTTGACTCCGTACATGAGTACGGAAGAAGGTTACGCTATCCA

GCGAACTGAGGCATGTACCCATGCCTTCATTCCAATGCGATAGGT

merR
+—
Start transcript -10

P
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SUMMARY

Oak Ridge Mercury Program established to provide fundamental
understanding of Hg transformation and mechanisms

SITE INVESTIGATION: understanding of Hg flux,
biogeochemical controls, and microbial determinants

CHEMISTRY: understanding of dominant Hg species AND
biogeochemical controls on rates and mechanisms of Hg
methylation and demethylation

BIOLOGICAL PROCESSES: understanding of microbial
transformation and the genetic basis of the methylation and

demethylation processes

SUBCELLULAR MECHANISMS:
understanding of the biochemical
and biophysical mechanisms in
Hg transformation and subcellular
structure-function relationships

Spallation Neutron Source at ORNL




