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The Mercury ProblemThe Mercury Problem

Hg toxic  heavy metal

Hg2+ converted in sediments andHg2+ converted in sediments and 
soils to methylmercury, MHg+, a 
neurotoxin

MHg+ bioaccumulates in the 
food chain



EPA “safe level” = 5800 ppt

Methylmercury in the 
organs and tissues 

Methylmercury is 
rapidly taken up but g

causes birth defects & 
disorders of the brain, 
reproductive system, 
immune system kidney

rapidly taken up but 
only slowly 
eliminated from the 
body by fish and 

h i immune system, kidney, 
and liver at extremely 
low levels in food. 

other aquatic 
organisms 



•In 1908, a chemical company started making acetylene, 

Minamata Bay Disease
, p y g y ,

acetaldehyde,vinyl chloride, etc., in Minamata, Japan

•In 1956, an “epidemic” was recognized and researchers at 
Kumamoto University began to investigate causesKumamoto University began to investigate causes.

•By 1959 mercury poisoning was recognized.

Photographic essay (1971-73) 
by W. Eugene Smith in LIFE



In 1972, Iraq had a major 
mercury poisoning with 
estimates of nearly 10,000 with 
100 000 people having 100,000 people having 
permanent brain damage. 



Biogeochemistry

Engstrom, D.R. (2007) PNAS 104(42):16,394-5 
Commentary



Black:   natural
Red:     anthropogenic 

Global biogeochemical 
cycle for mercury

Nos. =  
megagrams/year

Selin, N.E. (2009) Annu Rev. Environ. Resour. 34:43-63



Atmospheric mercury p y
deposition 

David Krabbenhoft and 
Paul Schuster, 2002. USGS 
Toxic SubstancesToxic Substances 
Hydrology Program



How do bacteria methylate mercury?  How do bacteria methylate mercury?  
A question posed for 45 years!



Ch i l iChemical reasoning

CH3
+ + Hg0  CH3Hg+

CH3
. + Hg.+  CH3Hg+

CH3:- + Hg2+  CH3Hg+



Cofactors that transfer methyl groups

SAM/AdoMet S-adenosylmethionine CH3
+

MeTHF N5-methyltetrahydrofolate CH3
+

MeCbl methylcobalamin CH3
+ CH3

. CH3:-MeCbl methylcobalamin CH3 , CH3 , CH3:

(Wood, JM. Science, 183:1049. 1974)
(Ridley, Dizikes and Wood, 1977)



Methylcobalamin methylates Hg 
ti llnon-enzymatically

MeCbl +    Hg(II)  MeHg

Wood, Kennedy and Rosen, 1968, Nature 
220:173-4220:173 4

Jensen and Jernelov, 1969, Nature 223:753-4



Bartha and coworkers (circa 1993-1994)

Desulfovibrio desulfuricans LS
Key results:Key results:

 The source of the methyl group in 14CH3Hg+ was 
14CH3-THF

 Reductive acetyl-CoA (Wood-Ljungdahl) pathway   y ( j g ) p y
apparently involved

 40 kDa corrinoid protein identified but not 40 kDa corrinoid protein identified but not      
characterized

(Choi and Bartha, 1993; Choi and Bartha, 1994a,b)



Unexplained inconsistencies that delayed 
progress

No clear evolutionary relationship of 
strains with the capacity to methylate Hg

No apparent correlation between bacteria 
i d ti t lC A thexpressing a reductive acetylCoA pathway 

and methylation of Hg

Technical difficulties that delayed progressTechnical difficulties that delayed progress
Genomes of known methylators only 
recently availablerecently available 

Limited genetic analysis available in 
methylating bacteria

Methylmercury assays not trivial



Phylogenetic relationships among mercury 
methylating deltaproteobacteria

Desulfuromonales

Geobacter chapelleii, 172
Geobacter pelophilus, Dfr2
Geobacter bremensis, Dfr1
Geobacter lovleyi, SZ

Geobacter metallireducens, GS-15
Geobacter grbiciae, TACP-2
Geobacter hydrogenophilus, strain H4

Geobacter sulfurreducens PCAGeobacter sulfurreducens, PCA
Desulfuromonas palmitatis, SDBY1

Desulfuromonas chloroethenica, TT4B
Desulfuromonas thiophila, NZ27 (DSMZ 8987)

Desulfuromonas acetoxidans, DSM 624
Desulfocapsa sulfexigens, SB164P1

Desulfotalea psychrophila, LSv54
Desulforhopalus vacuolatus, ltk10

Desulfobulbus propionicus, DSM 2032
Desulfosarcina variabilis

Desulfobacterales
Desulfococcus multivorans, DSM 2059
Desulfofrigus oceanense, ASv26

Desulfobacterium sp., BG33
Desulfobacterium autotrophicum, DSM 3382

Desulfobacter vibrioformis, B54
Desulfobacter species, 4ac11 DSM 2057

Desulfobacter species, 3ac10 DSM 2035
Desulfobacter hydrogenophilus DSM 3380

Desulfobacter curvatus, DSM 3379
Desulfobacter sp., BG8

Myxococcales

D lf ib i l

p ,
Corallococcus coralloides, DSM 2259

Myxococcus xanthus, DSM 435 (Mx x1)
Desulfovibrio dechloracetivorans, ATCC 700912

Desulfovibrio desulfuricans, ND132
Desulfovibrio profundus, DSM 11384

Desulfovibrio sp., T2
Desulfovibrio sp., W3A

Desulfovibrio gigas
Desulfovibrio sp., X2

Desulfovibrio desulfuricans DSM1926 El Agheila Z DesulfovibrionalesDesulfovibrio desulfuricans, DSM1926 El Agheila Z

Desulfovibrio desulfuricans , MB; ATCC27774
Desulfovibrio desulfuricans, Essex 6; ATCC29577
Desulfovibrio vulgaris, Hildenborough

Desulfovibrio alaskensis, G20
Desulfovibrio alaskensis, NCIMB 13491

Desulfomicrobium baculatum, DSM 4028T
Desulfomicrobium orale, DSM12838

Shewanella algae, Bry

Desulfovibrio africanus

Non Hg Methylator Weak Hg Methylator Strong Hg Methylator0.10

Shewanella oneidensis, MR-1
Shewanella putrefaciens, CN-32



Assimilating Dr. Bartha’s data – What chemistry 
would result in mercury methylation?

CH H 2+ CH H +CH3
- + Hg2+ CH3Hg+

Methylate cofactor:
CH3

+ + Co(I)-protein CH3-Co(III)-protein

Transfer methyl group to Hg2+:
CH C (III) t i H 2+C (III) t i CH H +CH3-Co(III)-protein + Hg2+Co(III)-protein + CH3Hg+

Regenerate Co(I):
Co(III) protein + 2 e Co(I) protein

cobalamin

Co(III)-protein + 2 e- Co(I)-protein

Need to find one or more proteins that can:
1. Stabilize cofactor for methyl transfer
2. Provide low-potential electrons to (re)generate Co(I)

Need to find one or more proteins that can:



Methyl transfers in the reductive 
Acetyl-CoA pathwayAcetyl CoA pathway

MeTHF

(adapted from Ragsdale, 2008)THF (adapted from Ragsdale, 2008)

Two CH + transfersTwo CH3 transfers



A gene encoding a CFeSP-like protein is present in 
the genome of Desulfovibrio desulfuricans ND132

Chain A
CfsA 28% id

51% sim51% sim



This gene is unique to confirmed methylators
among the Desulfovibriog

Desulfovibrio aespoeensis Aspo-2

Desulfovibrio africanus str. Walvis Bay

Desulfovibrio desulfuricans ND132





Homology model of HgcA

cap helix
S

cobalaminCo



Whole genomes of six confirmed methylators vs several non-methylators

Comparative genomics
Whole genomes of six confirmed methylators vs several non-methylators

DND132_1056 DND132_1057

D. desulfuricans ND132

Daes_2662

Desaf_0117 Desaf_0115

Daes_2663

D. aespoeensis

Despr_0439 Despr_0438

D. propionicus

D. africanus Walvis Bay

GSU1440

Gmet_1240

GSU1441

Gmet_1241

G. sulfurreducens PCA

1000 bp

G. metallireducens





Proposed mercury methylation pathway
H+5,10-methenyl-

THF

CH+ THF

HCO-THF 10-formyl-
THF 

synthetase
H2O

cyclohydrolase

serine

THF

formate
ATP, 2e-

il i

CH+=THF
H+, 2e-

5,10-methylene-
THF

d h d

serine 
hydroxymethyl

transferase

CH -THF
MeTr

CH -Co(III)-HgcA

serineglycine
CH2=THF

dehydrogenase

5,10-methylene-
THF ?CH3-THF CH3-Co(III)-HgcA

Co(I)-HgcA
HgR2

2H+, 2e-

THF
reductase

?

Co(III)-HgcA R2e-

HgcB

CH3HgR



Confirmation that these two genes, hgcAB, 
were necessary for methylation of mercury!were necessary for methylation of mercury!

Genetic development of 
D d lf i ND132D. desulfuricans ND132

Geobacter sulfurreducens PCAGeobacter sulfurreducens PCA
genetics available



Marker exchange deletions in ND132 

Mutagenic plasmid

Upstream 
DNA

Downstream 
DNA

Mutagenic plasmid

ND132 i DNA

KanR

Homologous 
recombination

ND132 genomic DNA

1056 1057

hgcA hgcB

Select for KanR CFUs
Screen for SpecS CFUs

Deletion of hgcAB
KanR



Complementation of deletions 

Complementation 
plasmid

Upstream 

Down
Stream 

plasmid

hgcA hgcB
1056 1057

Homologous 
recombination

Mutant deleted for 
hgcAB KanR

Select for SpecR CFUs
Screen for KanS CFUs

ΔhgcAB ::hgcAB SpecR hgcA hgcB
1056 1057



Production of methylmercury by 
D d lf i ND132 t tD. desulfuricans ND132 mutants

Conclude: hgcA and hgcB are both necessary for methylation of Hg 



Production of methylmercury by 
G lf d PCA t tG. sulfurreducens PCA mutants

Conclude: hgcA and hgcB are both necessary for methylation of Hg 
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So far….perfect correlation between 
presence of hgcAB and ability to 

methylate mercury 

Testing microbes with complete 
sequences



Phylogenetic tree: 16S rRNA of mercury methylating microbes



Phylogenetic tree: HgcA sequences



What is the role of the C-terminal domain in HgcA?

Membrane protein with 4 
transmembrane helicestransmembrane helices



>gi|323458404|gb|EGB14269 1| CO dehydrogenase/acetyl CoA synthase

Sequence analysis of HgcA
>gi|323458404|gb|EGB14269.1| CO dehydrogenase/acetyl-CoA synthase 
delta subunit, TIM barrel [Desulfovibrio desulfuricans ND132]

MDGFARTAAGPVPRVRTYLRRDDRVGDLRARLGTNRHDFKVVPGLYCVGEPDRTSPVLVTANYKLTFDTL
RERLTSIDAWLLVVDTRGINVWCAAGKGLFTASEVAFSVNAVRLHQVVEHRELILPQLAATGVAAREVERRERLTSIDAWLLVVDTRGINVWCAAGKGLFTASEVAFSVNAVRLHQVVEHRELILPQLAATGVAAREVER
ICGFKVLWGPIRARDLPAFLRNGNKADEAMRGVTFTLRERAALIPVELYQLRKPLFAAIPLLFLLSALGP
DLFSPPALWQRGISAVTATLVGALAGSVLVPLFLNRLPWRQFWPKGALVGGAAGTLAALYLPVHGWADPL
ALTLWATAVASWQAMNFTGSTPYTSPSGVEKEMRRGMPLQALAALAAAGLWLAGPFLG

transmembrane domaintransmembrane domain

C-terminus

cytosolic domain
N-terminus



Production of methylmercury by D. 
desulfuricans ND132 mutant lacking 

TMD of hgcA

DL=0.106±0.005 ng/L

Conclude: Transmembrane domain required for 

Assay:  2 h incubation and measured by EPT-GC-AFS 

methylation by ND132 hgcA



What are the implications?

 This discovery will likely change how 
mercury research is performed globallymercury research is performed globally.

 The proposed mechanism is new 
chemistry, which, if confirmed, opens up 
new areas of research.

 We now have a potential biomarker for 
methylmercury generationmethylmercury generation.

 Correlating gene, protein and organism 
abundances with methylmercury formation y y
rates and yields will lead to improved and 
more sensitive biogeochemical models!  



Many questions remain regarding the 
molecular mechanism of mercury methylation

Model of 
HgcAMethyl donor?

MeTr?
CH THF

Model of 

CH3-THF

HgcB

Reaction
2 e-

CC

Str ct re?

Reaction 
mechanism?
Function ?
Structure?

Co(III)  Co(I)


