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Protein Components of the Microbial Mercury Methylation Pathway 

Steven D. Smith 

Dr. Judy D. Wall, Dissertation Supervisor 

Abstract 

Mercury (Hg) in the environment and the resulting methylmercury (CH3Hg+) produced by microorganisms 

has emerged as a global concern in the last 50 years after a series of high profile, large scale 

contamination events, increased burning of fossil fuels, and a more recent major escalation of widespread 

use of Hg in artisanal gold mining.  The Hg cycle in the environment is complex and still not completely 

known.   Among the many different forms of Hg present in the environment, Hg, mainly as Hg(II), has 

been known to be converted to the more toxic CH3Hg+ by microorganisms.  CH3Hg+ accumulates in the 

aquatic food chain and humans are eventually exposed to the toxic CH3Hg+ through their diets.  When 

exposed to elevated levels of CH3Hg+, symptoms include mainly neurological pathologies along with 

reduced kidney and liver function.  However, until recently the biotic mechanism of the conversion of 

Hg(II) to CH3Hg+ was not known.  It has now been shown that a pair of genes, hgcA and hcgB, present in a 

variety of microorganisms, are necessary for bacterial Hg methylation to occur.  The structure and 

functions of the proteins encoded by these genes are still being explored, and here new data are shown 

for residues in these proteins that suggest key structural elements necessary for the Hg methylation 

reaction.  Also presented are data from other possible proteins in the carbon flow and cobalamin 

assembly pathways leading up to Hg methylation by HgcA and HgcB.  The new work described here is 

significant in that it not only adds to the expanding base of knowledge of microbial Hg methylation with 

the identification of hgcA and hgcB, but also shows specific catalytic residues of HgcA and HgcB that can 

be further studied in organisms that methylate Hg.  These data and the mutants designed to facilitate its 

acquisition can be used in future efforts to identify other members of the Hg methylation pathway.  These 

data and constructs will also aid in future attempts to determine if the two genes evolved for the sole 

purpose of methylating Hg(II) or to support the life cycle of the organism harboring these genes in 

another, yet to be determined capacity. 
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Chapter 1 

1.1  Hg sources in the environment 

Mercury present in the environment arises from both natural and anthropogenic 

sources.  Annual Hg influx into the atmosphere is estimated to be 7527 Mg (Pirrone, Cinnirella et 

al. 2010).  This is divided into 5207 Mg from natural sources and 2320 Mg from anthropogenic 

sources.  Major natural sources of mercury in the environment are volcanoes, geothermal 

sources, forest fires, coal bed fires, and re-emission from oceans and soils.  Current major 

anthropogenic sources of atmospheric mercury are “fossil fueled power plants (810 Mg yr-1, 

artisanal gold mining (400 Mg y-1), non-ferrous metal manufacturing (310 Mg y-1), cement 

production (236 Mg y-1),  waste disposal (187 Mg y-1), caustic soda production, mainly for 

paper mills, (163 Mg yr-1)” (from (Pirrone, Cinnirella et al. 2010)), and more recently compact 

fluorescent light bulb production (Eckelman, Anastas et al. 2008).  Mercury deposition in the 

environment has been chronicled in glacial ice cores and representative cores display 

remarkably clear records of large scale global Hg emission events over the last 270 years (Figure 

1.1.)(Schuster, Krabbenhoft et al. 2002).  Spikes in Hg in ice cores from the Upper Fremont 

Glacier in Wyoming show distinct peaks for natural Hg deposition events such as major volcanic 

explosions, and for anthropogenic Hg deposition resulting from globally impacting events like 

World War II leading to increased manufacturing and weapons production, global 

industrialization that increased fossil fuel burning, and the California gold rush where Hg was 

extensively used to amalgamate and extract gold (Schuster, Krabbenhoft et al. 2002).   

A major emerging contribution of Hg to the environment is Hg that is used and released 

in the process of small scale artisanal gold mining (ASGM)(Gibb and O'Leary 2014).   
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Figure 1.1 Hg in Wyoming Ice Core 

 

 

Figure 1.1.  Spikes in Hg in ice cores from the Upper Fremont Glacier in Wyoming (Schuster, 

Krabbenhoft et al. 2002) show distinct peaks for natural Hg deposition events such as major 

volcanic explosions, and for anthropogenic Hg deposition resulting from globally impacting 

events like World War II leading to increased manufacturing and weapons production, global 

industrialization that increased fossil fuel burning, and the California gold rush where Hg was 

used extensively to amalgamate and extract gold.   

Figure from: Environ Sci Technol. 2002 Jun 1;36(11):2303-10 with permission. 
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In the last ten years the price of gold has increased to levels that are high enough to allow 

people and communities in developing countries to profit from small scale gold mining (Gibb 

and O'Leary 2014).  Clandestine mining areas are established in secluded areas near water 

sources where gold is mined from low grade ore and then purified by Hg amalgamation.  These 

mining operations exist illegally and therefore with no oversight or regulations regarding 

concerns for the health of the workers or pollution of the environment.  Extensive black markets 

exist for getting Hg to the miners and for getting the gold to market.  These ASGM operations 

are established as small villages where all members of the village participate.  The men mine the 

rock and soil and amalgamate the gold while the women and children cook off the Hg to purify 

the gold.  The entire economy of these villages is based on ASGM.  The villages are self-

sustaining, with inhabitants often farming fish in small retention ponds that have been formed 

by damming runoff from the mining operation.  As a direct consequence the drinking water, fish, 

and wash water for the villagers are all highly contaminated with Hg (Gibb and O'Leary 2014).  

Major efforts are underway to both curb and regulate ASGM, or on a more humanitarian level, 

to educate practitioners of ASGM on Hg free processes or purification methods including closed 

system Hg reclamation.  ASGM represents the only means of sustainable life for this large and 

growing population and is now the second highest contributor of anthropogenic Hg to the 

environment.  These contamination events are now being characterized as ‘insert village here’ 

“Minamata disease” (Focus area, International Conference on Mercury as a Global Pollutant, 

JeJu, South Korea, 2015) after the event described next in this text. 

There have been historical catastrophes involving localized large scale Hg poisoning.  

The first identified and one of the best studied major environmental and humanitarian disasters 

involving Hg poisoning occurred in Minamata Bay in Minamata, Japan in the early part of the 
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20th century.  A chemical manufacturer repeatedly disposed of Hg (II) and CH3Hg+ into Minamata 

Bay.  The CH3Hg+ found its way into the food chain and the community that used the bay as a 

food source was stricken with a humanitarian crisis as thousands living around the bay began to 

show neuropathies and eventually die from CH3Hg+ toxicity.  Children from mothers that had 

consumed CH3Hg+ contaminated fish were being born with developmental deficiencies.  

(Sakamoto, Nakano et al. 1991))  Wood, (Wood, Kennedy et al. 1968) and a Japanese group 

(Sakamoto, Nakano et al. 1991) were the first to recognize that the CH3Hg+ at Minamata was 

present in higher concentrations than could be accounted for by the CH3Hg+ spill and went on to 

prove that CH3Hg+  could be derived from biological means.   

In another incident in 1976, Iraq was in the midst of a drought and seed stock, donated 

by international aid organizations and meant for planting, was eventually consumed by a 

segment of the population.  The grain had been treated with organomercurial biocides for long 

term storage.  Over 2000 people were confirmed poisoned, and over 600 deaths were 

confirmed to be from CH3Hg+ (Bakir, Damluji et al. 1973, Skerfving and Copplestone 1976). 

In North America in 1970 there was another instance of industrial dumping of waste 

that resulted in what eventually came to be known as Ontario Minamata disease (Harada, Fujino 

et al. 2005).  This incident resulted in the CH3Hg+ poisoning of indigenous peoples in Ontario 

after consumption of contaminated fish.    

These extreme examples are of limited geographical scope, but show that CH3Hg+ in the 

environment is a persistent toxin and CH3Hg+ poisoning can be hazardous to human health and 

even deadly for consumers of fish. 
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1.2  Bioaccumulation    

CH3Hg+, the main toxic form of Hg that affects human health, is so dangerous and of 

such concern because of the fact that it bio-accumulates in the aquatic food chain.  From 

microbes and periphyton CH3Hg+ is produced and accumulates in algae, up through 

invertebrates, and eventually up into the apex predators of the aquatic food chain.  These long-

lived apex predators are what humans often include in their diets such as tuna and shark.  

CH3Hg+ is lipid soluble, and as such, once it enters the body has long retention times.  This 

enables the concentrations of CH3Hg+ to accumulate and amplify up the food chain (Hintelmann 

2010). 

 Fish can have excellent nutritional value and therefore can be a healthy part of a normal 

diet.  Diets rich in omega-3 fatty acids have been shown to have several health benefits, mainly 

by lowering triglyceride levels, thereby benefitting cardiovascular health (Sperling and Nelson 

2015).  Omega-3 fatty acids have also been shown to benefit those that suffer arthritic 

discomfort by alleviating joint pain (Goldberg and Katz 2007).  Fish are an excellent source of 

omega-3 fatty acids and as a consequence people attempting to obtain more omega-3 fatty 

acids have been eating more fish, leading to increased levels of CH3Hg+ exposure.  The United 

States government and separately all of the fifty states publish recommended fish consumption 

levels based on risk groups.  The 2015 Missouri Fish Advisory (Table 1.1) is attached here and 

shows recommended levels of consumption of fish taken from Missouri waters for the general 

population and for at risk populations such as pregnant or nursing women and young children.  

A map from the United States Environmental Protection Agency is also shown (Figure 1.2) 

depicting Hg advisory status for fish consumption for all 50 states.  
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Table 1.1. 2015 Missouri Fish Advisories. 

Table 1.1. Missouri DHSS, 2015 Fish Advisory.  
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Figure 1.2. 2008 United States Fish Hg Advisory Map- US EPA 

 

 

 

 

Figure 1.2.  2008 US individual state Hg advisory status. 
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A recent study showed that new Hg deposition rapidly accumulates in fish in an 

ecosystem experimentally dosed with purified stable isotope enriched Hg (Harris, Rudd et al. 

2007).  In an interesting study, in a real-world environment, stable isotope enriched Hg was 

added to an 8.4-hectare lake in Ontario, Canada by airplane and boat to maintain a Hg 

concentration six times the normal deposition (20 µg Hg / m-2 / y-1 experimental vs. 3.1 µg Hg / 

m-2 / y-1 background). After two months the stable isotope Hg was already present in fish as 

CH3Hg+, indicating the rapid bioaccumulation of the new Hg into the food chain.  Over the first 

three years of the large scale study the added Hg continued to be accumulated in the fish in the 

ecosystem.  The Hg was also still accumulating in the biota of the lake indicating that the system 

was still increasing Hg input of the newly added Hg into the food chain (Harris, Rudd et al. 2007).  

This is evidence that Hg influxes into aquatic environments are quickly reflected in the amount 

of CH3Hg+ present in the fish at the top of the food chain in that ecosystem.  Importantly, the 

data also support the probability that removal of a Hg source could lead to rapid depletion of Hg 

available to be converted to CH3Hg+. 

 Altering waterways has also been shown to have an effect on CH3Hg+ concentrations in 

aquatic ecosystems (Schartup, Balcom et al. 2015).  It has been shown that freshwater releases 

into marine estuaries from hydroelectric dams provide an optimal environment for the bacterial 

production of CH3Hg+.  Modifications of aquatic systems can lead to more favorable conditions 

of CH3Hg+ production by altering water temperatures to those more favorable for microbial life 

and by mixing of sediments that could also benefit the CH3Hg+ producing microbes. (Schartup, 

Balcom et al. 2015).   
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1.3   Minamata Convention 

In 2013, recognizing that CH3Hg+ in the global environment continues to be a growing 

problem, countries from across the globe met to sign the Minamata Convention on Mercury 

(http://www.mercuryconvention.org).  The Convention is sponsored by the United Nations 

Environmental Programme (UNEP) and currently has the signatures of 128 countries and has 

been ratified by 19 of those signatory nations.  The Convention is the result of four years of 

research and negotiations by UNEP to identify anthropogenic Hg sources, address feasible ways 

to limit these Hg sources, and agree on terms of the Convention.  The Convention aims to limit 

or remove all anthropogenic sources of Hg released into the environment.  This includes those 

sources listed earlier in this chapter, and numerous other Hg sources listed on the Minamata 

Convention website.  Although there are a large number of signatories to the convention, it 

remains to be seen if all will ratify the agreement.  Of greater impact, it will only be evident in 

the long term if these countries have the infrastructure capable to adhere to the stipulations of 

the Convention and also the moral commitment to meet the stated goals of the convention.  

With the advent of this international convention, it remains evident that Hg and biotically 

derived CH3Hg+ in the environment represent a prominent, persistent problem affecting large 

parts of the planet that must be addressed.  

1.4 Bacterial mer system 

The best characterized bacterial system that involves Hg transformations is the mercury 

resistance (mer) system that provides Hg resistance to bacteria to detoxify and remove Hg from 

the cell (Summers and Silver 1972, Boyd and Barkay 2012).  This system facilitates the reduction 

of Hg(II) to Hg(0) gas which can then be removed from the cell.  The mer system has been 
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identified mainly in aerobic microorganisms, with the exception of three anaerobes; 

Pyrobaculum arsenaticum, Thermopreteus tenax, and Clostridium butyricum (Barkay, Kritee et 

al. 2010) . The main functional protein components of the mer system are MerA,  mercuric 

reductase; MerB, a mercury lyase that cleaves organic Hg compounds; MerP, a periplasmic Hg 

scavenger; MerT, MerC, MerE, MerF, and MerG that function as Hg(II) transporters; and MerR 

and MerG transcriptional regulators (Boyd and Barkay 2012).  The mer genes exist in mer 

operons and are usually present on plasmids or associated with transposons.  This has enhanced 

the ability of the genes to transfer from organism to organism, a fact that may explain why the 

mer system is widespread through environments and across the globe.  Although the anaerobic 

Hg methylating bacteria discovered to date, the focus of this thesis, do not harbor the mer 

system, much can still be learned from the enzymes involved as they use common strategies, 

mainly cysteine disulfide bonding, to shuttle Hg from one protein to another  (Osborn, Bruce et 

al. 1997).  As the mer genes have been the most extensively described bacterial system to 

interact with Hg they are acknowledged here.  However, as the mer system is not present in Hg 

methylating bacteria, the focus of this thesis, they will not be discussed in any further detail. 

1.5  Hg – thiol interactions 

Hg in the environment coexists with dissolved organic matter (DOM) that has major 

influence on Hg distribution and bioavailability (Aiken, Hsu-Kim et al. 2011).  This DOM contains, 

among other compounds, reduced sulfur groups available for Hg complexation.  With a large 

portion of the Hg in the environment being exposed to DOM it is important to keep in mind the 

interactions that occur with exposed thiols that are present.  Some studies have characterized 

different low-molecular weight thiols and their ability to impact the formation of CH3Hg+ in vitro 
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(Schaefer and Morel 2009) but these interactions have so far proven to be species and 

concentration dependent.  This is currently an emerging area of research in the field. 

1.6   The mercury cycle and microbial transformations of mercury 

The chemical state of elements present in the environment affects the eventual niches 

that they occupy, and importantly, the bioavailability of the elements.  For elements needed for 

growth, these transformations are key to microorganism survival.  In the case of Hg, a toxic 

element not essential for microbial growth, the presence of multiple chemical forms of mercury 

results in Hg being present in numerous locations throughout the environment (Figure 1.3).    

Depending on the location and state of mercury, it is available for oxidation, reduction, 

alkylation, methylation and other modifications (Lin, Yee et al. 2012).  These transformations are 

induced by a variety of mechanisms, many still unknown.  Most Hg is present as volatile Hg(0) in 

the atmosphere where is can travel thousands of miles (Lamborg, Hammerschmidt et al. 2014).  

The major natural form that mercury takes in the environment of the earth is coupled with 

sulfide in the form of the mineral cinnabar (HgS).  As stated above other the bioavailable Hg in 

the environment is usually associated with DOM. 

There has been an anaerobic pathway of mercury reduction described (Wiatrowski, 

Ward et al. 2006) along with another described in iron-reducing bacteria (Widdel and Bak, 

1992).  Reduction is also carried out by the well characterized mer system in aerobic bacteria 

(Boyd and Barkay 2012).   

Hg can also be oxidized by bacteria in the environment (Siciliano, O'Driscoll et al. 2002, 

Zheng, Liang et al. 2011).  Some mercury demethylation is also known to be carried out by the 

bacterial mer system organomercury lyase merB (Miller 2007, Parks, Guo et al. 2009).  UV-light  
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Figure 1.3 Mercury biogeochemical cycle 

 

Figure 1.3. The Hg biogeochemical cycle.  Adapted from New Zealand Ministry for the 

Environment figure, with permission.   This figure shows the complex inputs and movements of 

Hg species in the environment.  The two red boxes highlight the locations and reactions of 

CH3Hg+, and are the focus of this work. 
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also plays a role, causing photo-degradation of CH3Hg+ (Zhang and Hsu-Kim 2010, Fleck, Gill et 

al. 2014).  Of immediate concern for human health impacts, and the focus of this thesis, is the 

methylation of Hg(II) by microorganisms.   

1.7  The search for the microbial mercury methylation pathway 

For almost 50 years CH3Hg+ has been known to be produced microbially from the initial 

description of CH3Hg+ production by extracts of a methanogenic bacterium (Wood, Kennedy et 

al. 1968).  This publication was the first to propose an enzymatic methyl transfer from Co(III) to 

Hg(II) involving methylcobalamin (vitamin B12).  Wood et al. (Wood, Kennedy et al. 1968) were 

careful to distinguish between enzymatic and non-enzymatic Hg methylation from 

methylcobalamin which is also known to occur (Neujahr and Bertilsson 1971).  Additional work 

around the same time proposed a model for in vivo MeHg formation by Neurospora crassa, an 

organism  in which vitamin B12 does not play a role in cellular metabolism (Landner 1971).  

Through strategic amendments of D,L-homocysteine and L-cysteine to culture medium that lead 

to  increased CH3Hg+ yields,  and an inhibition of CH3Hg+ production with the addition of L-

methionine, the authors were able to show that the methionine biosynthesis pathway was most 

likely somehow involved in Hg methylation in Neurospora.  Additionally, these authors tested 

three other thiols not related to methionine synthesis that did not increase CH3Hg+ yield, 

indicating that Hg-thiol coupling is not facilitating Hg entry into the cells and therefore not 

simply increasing CH3Hg+ production from increased bioavailability (Landner 1971).  These were 

the initial experiments that showed that CH3Hg+ in the environment was being produced 

microbially (Wood, Kennedy et al. 1968, Landner 1971). 
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1.8  Studies by Richard Bartha 

From this point on major advancements in knowledge of bacterial mercury methylation 

came mainly from Richard Bartha and co-workers at Rutgers University.  In 1985 he and a co-

worker showed that sulfate-reducing bacteria (SRB) methylated Hg (Compeau and Bartha 1985).  

This was the first demonstration showing that SRB from cores of an anaerobic, low salinity site 

in Cheesequake State Park, N.J. was able to convert Hg(II) to CH3Hg+.  The authors were initially 

skeptical that sulfate reducers were involved as the presence of sulfide was thought to inhibit 

CH3Hg+ production by binding all Hg as HgS.  However, CH3Hg+ production was confirmed as 

likely being from a sulfate reducer after inhibition by addition of molybdate, a known inhibitor 

of sulfate reduction (Wilson and Bandurski 1958), eliminated CH3Hg+ production.  Of note, in the 

same samples addition of BESA, a known inhibitor of methanogenic bacteria (Gunsalus, 

Romesser et al. 1978), led to increased CH3Hg+ production.  A Desulfovibrio desulfuricans (Choi 

and Bartha 1993) culture was subsequently isolated from the slurry and shown to be the major 

producer (95%) of CH3Hg+ in the population.  Future studies by the Bartha group would go on to 

employ this bacterial strain in attempts to elucidate the pathway of Hg methylation.  The D. 

desulfuricans LS strain isolated (designated LS for the low salinity environment where it was 

originally found) has since been lost and is not available for current studies. 

The finding that that the vast majority of the CH3Hg+ production was due to activity of 

SRB led Bartha to declare that “earlier studies on the biochemistry of mercury methylation were 

conducted with environmentally insignificant microorganisms” (Berman, Chase et al. 1990) and 

he then set out to use the newly isolated Desulfovibrio desulfuricans LS to probe the carbon flow 

pathway leading to the methyl group donated to Hg(II) . 
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Evident in the carbon flow pathway Bartha proposed for the movement of the methyl group 

(Figure 1.4) is the cobalt containing cofactor (11) directly upstream of CH3Hg+.  There are three 

possible enzymatic cofactors that transfer a methyl group, methyl-tetrahydrofolate, S-

adenosylmethionine, and methylcobalamin (vitamin B12) (Nelson, Lehninger et al. 2008).  As 

Wood (Wood 1984) has shown previously, methylcobalamin interacts with mercury both non-

enzymatically and enzymatically.  Methylcobalamin is also the only methyltransferase of the 

three capable of transferring a carbanion or a radical, which is what would be needed to 

facilitate a methyl transfer to Hg(II).  This led Bartha and co-workers on a search for an enzyme 

dependent on a cobalamin cofactor, with his first candidate being in the acetyl-CoA pathway 

(Berman, Chase et al. 1990).   

This is depicted in Figure 1.4 showing the carbon flow, (bold C) on the left hand side of 

the figure, through to CH3Hg+ at the bottom (12).  Utilizing radiolabeled serine (3-14C serine) and 

pyruvate (both 1-14C and 3-14C pyruvate) it was shown that the methyl group in CH3Hg+ comes 

from 3-C of pyruvate to 3-C of serine and is eventually transferred to Hg.  This suggests that 

serine-hydroxymethyltransferase may also play a role in moving this methyl group upstream of 

the CH3Hg+ reaction.   Previous data had shown a lack of methylcobalamin in D. desulfuricans  

Berman, Chase et al. 1990), and it was hypothesized that a cobalt–sirohydroporphyrin that is 

present in D. desulfuricans (LeGall and Fauque 1988) could play the role.   The necessary 

cobalamin and tetrahydrofolate were eventually both detected in D. desulfuricans LS cells.  An 

important additional experiment in this work was an inhibition experiment conducted with 

propyl iodide.  Propyl iodide inhibits cobalamin mediated methyltransfer in other systems 

(Wood and Wolfe 1966) and when added to D. desulfuricans LS was effective in inhibiting   
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Figure 1.4 Proposed carbon flow pathway (Berman, Chase 1990).  

 

Figure 1.4. Proposed carbon flow pathway in D.desulfuricans as shown in (Berman, Chase et al. 

1990) used with permission from Appl Environ Microbiol. 1990 Jan; 56(1):298-300.  
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production of CH3Hg+.  This was further supported by historical data showing that a derived 

methylcobalamin auxotroph of Clostridium cochlearium lost its previous ability to methylate Hg 

(Pan-Hou and Imura 1982).  Taken together, these data were strong evidence for a cobalamin 

cofactor involved in the methyl transfer to Hg(II) (Berman, Chase et al. 1990).   

Continuing to pursue corrinoid mediated methylation as the major mechanism of 

bacterial CH3Hg+production, Bartha and co-workers next attempted to identify a corrinoid 

enzyme from D. desulfuricans LS responsible for the methyl transfer.  Using HPLC, radiolabeled 

57Co, and cyanocobalamin standards, Choi and Bartha identified a cyanocobalamin in D. 

desulfuricans LS.  Upon size fractionation of cellular proteins 97 % of radioactive 57Co eluted at a 

single peak indicating that cyanocobalamin was most likely the only corrinoid to be found  (Choi 

and Bartha 1993).  This cyanocobalamin was subsequently isolated from D. desulfuricans and 

chemically methylated with 14CH3I in vitro.  When incubated with Hg(II), 93.9% of the 14CH3 was 

transferred to the Hg.  These in vitro reactions were undertaken in acetate buffer at pH of 4.5.  

When the pH was raised to physiological level of 7.0 the reaction took place three times more 

slowly, perhaps indicating a role for an enzymatic process when the reaction takes place inside 

the cells (Choi and Bartha 1993). 

Experiments were next undertaken with cell extracts of D. desulfuricans LS in order to 

further establish an enzymatic mechanism rather than a chemical reaction.  pH and temperature 

dependence were shown (Figure 1.5), with optimal Hg methylation taking place at a pH of 7.0 

and temperature of 35° C.  The CH3Hg+ product increased with incremental addition of cell 

extract.  14C-methyl- H4folate labeling studies showed the transfer of the methyl group to Hg(II) 

forming 14CH3Hg+.  A 40 kD protein fraction of the cell extract eluted as radioactive after cells  
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Figure 1.5. Optimal enzymatic conditions for potential methyltransferase 

(Bartha, Chase et al. 1994). 

 

 

 

 

Figure 1.5. Temperature and pH dependence of potential methyltransferase; with permission 

(Choi, Chase et al. 1994).  With permission from  Appl Environ Microbiol. 1994 Apr;60(4):1342-6. 
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had been incubated with 57Co, indicating the presence of a 40 kD corrinoid protein enzyme 

present in D. desulfuricans LS  that is capable of methylating Hg (Choi, Chase et al. 1994).   

The last publication from the Bartha group on the subject of the enzymatic catalysis and 

pathway of Hg methylation involved the utilization of extensive radiolabeled substrates and 

multiple enzyme assays.  Through the experiments the acetyl-CoA pathway was again implicated 

as the source of the methyl group donated to form CH3Hg+ (Choi, Chase et al. 1994).   

1.9  Possibility of Hg methylation independent of acetyl-CoA pathway 

There have been limited studies proposing a mechanism of bacterial mercury 

methylation that occurs independently of the acetyl-CoA pathway.  Ekstrom et al. (Ekstrom, 

Morel et al. 2003) performed experiments in bacteria that do not use the acetyl-CoA pathway 

for carbon metabolism to look for the presence of another pathway of Hg methylation.  The 

authors found that chloroform, reported to be an inhibitor of corrinoids although not 

referenced by Ekstrom and very poorly documented, can inhibit Hg methylation in bacteria that 

methylate Hg and are complete oxidizers that require the acetyl-CoA pathway for metabolism 

(Ekstrom, Morel et al. 2003).  The authors hypothesized that chloroform blocks Hg methylation 

by inhibiting a methylating corrinoid enzyme.  The authors also tested chloroform inhibition on 

four incomplete oxidizers that do not use the acetyl-CoA pathway for metabolism and found 

that formation of CH3Hg+ was not affected (Ekstrom, Morel et al. 2003).  This led to their 

conclusion of the presence of an alternative Hg methylation pathway.  Subsequent experiments 

by this group led to claims of evidence of a corrinoid independent pathway.  Comparing two Hg 

methylating bacteria, Desulfovibrio multivorans that uses the acetyl-CoA pathway, and 

Desulfovibrio africanus that does not use the acetyl-CoA pathway, the authors were able to 



20 
 
 

show that under cobalt-limiting conditions CH3Hg+ production was diminished only in D. 

multivorans, again cited as suggesting involvement of a corrinoid independent 

methyltransferase (Ekstrom and Morel 2007). 

It is important to state here that these are the only two publications and were produced 

by the only group to present these findings.  Chloroform is a non-specific inhibitor of numerous 

cellular processes.  More importantly it has also recently been shown that both of the bacterial 

species utilized by Ekstrom et al. in these studies seeking to establish the presence of a corrinoid 

independent Hg methylation pathway, D. multivorans and D. africanus, contain a corrinoid 

dependent enzyme (HgcA) that is necessary for the formation of CH3Hg+. (Gilmour, Podar et al. 

2013, Parks, Johs et al. 2013, Podar, Gilmour et al. 2015, Smith, Bridou et al. 2015) 

The focus of this thesis will from this point on be the corrinoid-dependent methylation 

pathway in a bacterium that does not use the acetyl-CoA pathway. 

1.10 Background for the work to be presented 

The most recent major project undertaken in the search for the mechanism of microbial 

Hg methylation is a Task division of a US Department of Energy Science Focus Area (SFA) on Hg.  

The U.S. Department of Energy (DOE) has an interest in Hg research mainly because of the Hg 

contaminated DOE site at the Oak Ridge National Laboratory (ORNL) reservation.  Hg was used 

to enrich lithium isotopes for eventual development of thermonuclear weapons during World 

War II (Brooks and Southworth 2011).  Lithium was dissolved in Hg(0) to separate lithium 

isotopes (Lewis and Macdonald 1936).  The purification attempts resulted in large amounts of 

Hg waste being generated.  When enough lithium was determined to be stockpiled, the 

remaining Hg was stored.  For geologic reasons the storage location shifted over time and vast 
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amounts of Hg were released into the surrounding environment from spillage.  Recovery efforts 

reclaimed 1.4 million kg of Hg, but an estimated 195,000 kg of Hg was lost (Brooks and 

Southworth 2011).  For this reason, as well as obtaining expertise to characterize and eventually 

remediate other Hg contaminated sites, the DOE has been interested in all aspects of Hg cycling 

in the environment. 

Within a collaboration spearheaded by the ORNL Hg SFA, the Wall group at the 

University of Missouri, along with other researchers, began working on sequencing the genome 

and manipulating the genetics of a known Hg-methylating, SRB, Desulfovibrio desulfuricans 

ND132 (ND132) (Gilmour, Elias et al. 2011), with the long term goal of identifying enzymes 

involved in the Hg methylation pathway. 

1.11 ND132 and sulfate reducing bacteria (SRB) 

ND132 (Figure 1.6) is a gram negative anaerobic SRB isolated from estuarine sediment 

of Chesapeake Bay, USA, by Cynthia Gilmour (Gilmour, Elias et al. 2011).  SRB grow by 

generating energy using sulfate compounds as terminal electron acceptors to oxidize organic 

and inorganic compounds (Postgate and Odom 1993). SRB can be either complete or incomplete 

oxidizers (Rabus, Venceslau et al. 2015) .  These bacteria are of importance for both their 

environmental impacts and their economic impacts, mainly in the form of induction of corrosion 

of metals (Barton and Fauque 2009).  SRB are often notoriously difficult to grow in the 

laboratory, but in recent years new insights have been gleaned into their evolution, growth, 

environmental impacts and genetics (Rabus, Venceslau et al. 2015).  Importantly, a subset of 

SRB have been identified as principal contributors to CH3Hg+ present in the environment 

(Gilmour, Podar et al. 2013). 
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Figure 1.6 Desulfovibrio desulfuricans ND132 micrograph 

 

 

 

Figure 1.6. Electron micrograph of D. desulfuricans ND132 bacterium with characteristic 

elongated vibrio shape (Gilmour, Elias et al. 2011).  With permission from Appl Environ 

Microbiol. 2011 Jun; 77(12):3938-51. 
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Initial ND132 Hg methylation experiments in the Wall lab entailed large scale random 

transposon mutagenesis experiments based on work by Larsen et al. (Larsen, Wilson et al. 2002) 

and  conjugation procedures described by Chhabra and co-workers (Chhabra, Butland et al. 

2011)in an attempt to randomly disrupt a component of the Hg methylation pathway that 

would be identified by loss of the ability to form CH3Hg+.  The mutant would then be sequenced 

from the transposon insertion site to identify the disrupted gene.  The random mutagenesis 

work was superseded by approaches made feasible when the genome of ND132 was sequenced 

(Brown, Gilmour et al. 2011) along with genomes of additional Hg methylating bacteria (Brown, 

Hurt et al. 2013). 

The genome of ND132 was completed in 2011 (Brown, Gilmour et al. 2011) and led 

collaborators at ORNL to theorize possible enzymatic mechanisms for the methyl transfer 

reaction based on the ND132 genome, already sequenced genomes of other known Hg 

methylators, and the initial enzymatic experiments that Bartha had performed.  Two candidate 

genes emerged  that were hypothesized to be needed for the Hg methylation process from the 

genomes of ND132 and the other identified Hg methylating bacteria.  The sequencing of the 

ND132 genome allowed for genetic experiments to be attempted targeting specific genes.  A 

system for genetic manipulation was adapted from previous work performed in Desulfovibrio 

vulgaris Hildenborough (Keller, Wall et al. 2011) and will be described in detail in the next 

chapter.  This genetic system is the foundation for the data generated by nearly all of the 

experiments described hereafter. 
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1.12  Here I will describe: 

1) Confirmation of the essential role of the hgcA and hgcB genes and their protein 

products for Hg methylation. 

2) Site-directed mutagenesis of the key corrinoid protein that supports the hypothesis 

of carbanion transfer of the methyl group to Hg(II) and supports a role of the 

ferredoxin-like protein in providing reductant to regenerate the oxidized Co in the 

corrinoid to prepare for subsequent methylation reaction. 

3) Key proteins in the steps leading up to the methylation reaction tracing the origin of 

the methyl group and the assembly of the corrinoid cofactor. 
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Chapter 2 

The work presented in this chapter is published in Parks et al. 2013 “The Genetic  Basis for 

Bacterial Mercury Methylation” Science. 2013 Mar 15;339(6125):1332-5. doi: 

10.1126/science.1230667 

Section 2.1  Introduction  

With the prediction based on previous work that microbially produced CH3Hg+ was most 

likely derived from enzymes in an offshoot of the acetyl-CoA pathway (Choi, Chase et al. 1994) 

and multiple lines of evidence suggesting the involvement of a corrinoid iron sulfur protein (Choi 

and Bartha 1993, Choi, Chase et al. 1994) in the methylation reaction, our collaborating 

researchers in the Hg Science Focus Area at ORNL began to focus efforts on finding a corrinoid 

containing methyltransferase in Hg methylating microbes.  In the years since the Bartha group 

had produced their data, the genomes of hundreds of microorganisms had been sequenced, 

among which a few were known to methylate Hg, allowing for comparisons of protein coding 

DNA sequences from multiple species.   

Working from a well characterized corrinoid iron sulfur protein (CFeSP) from 

Carboxyhydrothermus hydrogenoformans known to be integral to the acetyl-CoA pathway 

(Svetlitchnaia, Svetlitchnyi et al. 2006), Parks and co-authors began the search for similar 

protein(s) in D. desulfuricans ND132 (Parks, Johs et al. 2013) that could be performing the 

methyltransferase reaction.  CFeSP of C. hydrogenoformans is comprised of two sub-units, CfsA 

and CfsB (Svetlitchnaia, Svetlitchnyi et al. 2006, Ando, Kung et al. 2012).  The CfsA subunit binds 

to and utilizes a corrinoid cofactor to facilitate a methyltransferase reaction in the acetyl-coA 
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pathway.  Parks et al. performed a BLASTP search of the newly sequenced ND132 genome, 

looking for sequence with homology to the CfsA subunit.  An ND132 sequence was found with 

weak homology between the corrinoid interacting domains of CfsA and the N-terminal region of 

the gene at locus DND132_1056 of the ND132 genome (Fig. 2.1). 

DND132_1056 is annotated as a ‘CO dehydrogenase (CODH)/acetyl-CoA synthase 

subunit delta’ by Kyoto Encyclopedia of Genes and Genomes (KEGG) and when the sequence 

was queried for hydrophobicity revealed a protein with two distinct domains (Figure2.2).  

DND132_1056 has a soluble N-terminal domain harboring the corrinoid binding region that has 

homology to CfsA, and a C-terminal region predicted to have four transmembrane helices.  

While the N-terminal domain of DND132_1056 has weak homology to CfsA, the transmembrane 

helix containing C-terminal domain displays no homology to any known proteins (Parks, Johs et 

al. 2013). 

As a CODH annotated to be in the acetyl-CoA pathway, this protein immediately piqued 

the interest of the authors.  It was noticed that the gene immediately downstream of 1056, 

DND132_1057 was annotated to have ferredoxin-like properties.  As a strong reductant would 

be necessary in the catalytic cycle proposed for the Hg methylation reaction to reduce the Co(III) 

to Co(I) in the corrinoid cofactor (Choi, Chase et al. 1994, Parks, Johs et al. 2013, Zhou, Riccardi 

et al. 2014), this gene too caught the interest of Parks et al.  The annotated properties of these 

two genes, and their genetic proximity were taken as evidence that they might by functionally 

linked.                                                                                                                                                                         

The next step was to query the genomes of other known Hg-methylating organisms for the 

presence of genes with homology to DND132_1056 and 1057 against Pfam parameters 

(Bateman, Coin et al. 2004).  The Pfam database includes protein families and can be  
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Figure 2.1. Alignment of the protein encoded by ND132_1056 (HgcA) with CFeSP of C. 

hydrogenoformans. 

 

Fig. 2.1 BLASTP alignment of CFeSP of C. hydrogenoformans with ND132 sequence of N-terminal 

region of gene ID DND132_1056.  The sequences are 28% identical (black) and 51% similar 

(blue).  “Structure-based sequence alignment of the corrinoid-binding domain of the large 

subunit (CfsA) of the corrinoid iron-sulfur protein (CFeSP) from C. hydrogenoformans Z-2901 

with HgcA from D. desulfuricans ND132. Only the regions producing significant homology are 

shown. The 125-residue sequence near the N-terminus of HgcAND132 is 28% identical (highlighted 

in black) and 51% similar (highlighted in blue) to the corrinoid-binding domain of CfsA from C. 

hydrogenoformans Z-2901. The secondary structure diagram was derived from the crystal 

structure of CfsA (PDB: 2YCL)”.Taken from figure S1 Parks et al. 2013. With permission from 

Science. 
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Figure 2.2. Hydrophobicity plot of HgcA amino acid sequence 

 

Fig. 2.2.  Hydrophobicity plot of DND132_1056 with amino acid number on the x-axis and probability of 

hydrophobic regions on the y-axis showing a soluble N-terminal region and four transmembrane helices 

predicted in the C-terminal region (taken from Fig. S2. from Parks et al. 2013).  With permission from 

Science. 

Figure 2.3 hgcA and hgcB genes in six known Hg methylating bacteria 

 

Figure 2.3. Location of hgcA and hgcB in six known Hg methylating bacteria with genome sequences at the 

time of Parks et al. (Parks, Johs et al. 2013) showing the proximity of the two genes.  Note the intervening 

gene between hgcA and hgcB in D.africanus Walvis Bay.  This is Desaf_0116 and is annotated as a SAM 

methyltransferase.  With permission from Science. 
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searched to find or compare proteins of similar function or structure based on sequence 

alignments and protein architecture.  Gene pairs analogous to DND132_1056 and 1057 were 

found in close proximity in 52 organisms and these genes eventually were given the names hgcA 

and hgcB (Parks, Johs et al. 2013).  At the time of publication of Parks et al. (Parks, Johs et al. 

2013) there were genome sequences for six bacteria for which Hg-methylation had been 

experimentally established, and the hgcA and hgcB genes were found in close proximity to each 

other in all of these (Figure 2.3).   

Since the data were beginning to be suggestive of a link between hgcA and hgcB and Hg 

methylation, the genes were targeted for deletion in ND132 with the aim of determining 

whether removal of these genes might reduce or completely remove the Hg-methylation 

capacity of this bacterium. 

Section 2.2  Materials and Methods 

2.2.1 Chemicals and reagents 

All chemicals were from Sigma (St. Louis, MO) or ThermoFisher Scientific (Pittsburgh, 

PA) and were analytical grade.  

2.2.2 Primers and plasmids 

All strains and plasmids are listed in Table 2.1. Primers used for assembly of plasmid 

constructs, Southern blot analysis, and RT-PCR expression analysis are listed in the primer table. 

Table 2.2. 
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2.2.3 Cell culture conditions 

Cell culture was performed as described in Parks et al. supplemental materials  (Parks, 

Johs et al. 2013) and Smith et al. (Smith, Bridou et al. 2015) and pertinent points are repeated 

here.   
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Table 2.1. Bacterial strains and plasmids used for Chapter 2 experiments. (Parks, Johs et al. 
2013) 
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Table 2.1 continued.(Parks, Johs et al. 2013) 
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Table 2.2. Primers used in the experiments described in Chapter 2. (Parks, Johs et al. 2013) 
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Table 2.2. (continued)  Primers used in the experiments described in Chapter 2. (Parks, Johs et 

al. 2013)
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Table 2.2. (continued)  Primers used in the experiments described in Chapter 2. (Parks, Johs et 

al. 2013) 
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Table 2.2. (continued)  Primers used in the experiments described in Chapter 2. (Parks, Johs et 

al. 2013)
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Table 2.2. (continued)  Primers used in the experiments described in Chapter 2. (Parks, Johs et 

al. 2013) 
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Escherichia coli, for the purposes of assembling and propagating deletion and 

complementation plasmids, was grown aerobically in either LC medium containing 10% (wt / 

vol) tryptone, 5% (wt / vol) yeast extract, and 5% (wt / vol) NaCl ;  or SOC medium containing 2% 

(wt / vol) tryptone, 0.5% (wt / vol) yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 

mM MgSO4, and 20 mM glucose as described previously (Zane, Bill Yen et al. 2010). 

All SRB were grown in anaerobic glove boxes (Coy Laboratory Products, Grass Lake, MI) 

in an atmosphere of 85:10:5,  N2:CO2:H2 at 34° C (Figure 2.4).   For cultivation of ND132 all media 

contained a MOY basal solution (Zane, Bill Yen et al. 2010) that included per liter medium: 

“MgCl2•6H2O (1 M), 8.0 ml; NH4Cl (4 M), 5 ml; CaCl2 (1 M), 0.6 ml; K2HPO4-NaH2PO4 (1 M), 

2.0 ml; Trace elements (Tschech and Pfennig 1984), 6 ml; FeCl2 (125 mM)/EDTA (250 mM), 

50 μl; Tris-HCl (2 M) pH 7.4, 15ml; Thauer’s Vitamins 10X (Brandis and Thauer 1981)” (Parks, 

Johs et al. 2013) and 0.1% (wt / vol) yeast extract.  Sodium thioglycolate as reductant was 

added to a final concentration of 1.2 mM in order to poise the redox potential of the 

medium.  ND132 was cultured in MOYLS4 medium containing 60 mM lactate and 30 mM sulfate 

in MOY basal salts to support growth (Zane, Bill Yen et al. 2010).  For Hg methylation assays 

ND132 was switched to fermentative growth condition in 40 mM pyruvate and 40 mM fumarate 

(Gilmour, Elias et al. 2011), with 1 mM cysteine as the only source of sulfur to support growth 

with a limited accumulation of sulfides, and therefore limited Hg-sulfide interactions.   
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Figure 2.4. Anaerobic glove bag for ND132 cell culture 

 

 

 

 

 

Figure 2.4. Anaerobic glove bag set up for culture of ND132.  ND132 was grown in anaerobic 

glove bags (Coy Laboratory Products, Grass Lake, MI) maintained at an atmosphere of 85:10:5,  

N2, CO2, H2 at 34° C. 
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2.2.4 Antibiotics and concentrations 

As previously described (Smith, Bridou et al. 2015) “antibiotics employed for selection 

were the following: kanamycin (KmR, npt), spectinomycin (SpR, aadA) and ampicillin (ApR, bla).  

For selection in E. coli all antibiotics used were at a concentration of 100 μg/ml; whereas, ND132 

was sensitive to Km, Sp and Ap at 400 μg/ml, 200 μg/ml, and 100 μg/ml, respectively.” 

2.2.5 Molecular manipulations 

All primers used for the experiments described in Chapter 2 are listed in Table 2.2.  All 

PCR amplifications included the addition of 10% (vol / vol) DMSO.  For assembly of the plasmids 

used to delete hgcA, hgcB and hgcAhgcB genes the sequence and ligation independent cloning 

(SLIC) (Li and Elledge 2012) method was employed.  The SLIC procedure consists of generating 

PCR products with complementary overhanging 5’ ends.  The procedure takes advantage of the 

3’ exonuclease activity of the T4 polymerase enzyme to degrade the 3’ ends and expose 5’ 

complementary overhangs of the PCR products to be cloned.  After exposing the 

complementary overhangs the fragments are introduced into E. coli where they are assembled 

by the intrinsic DNA repair mechanism of the cell.  These plasmids were then purified from E. 

coli and introduced into ND132.  This strategy was employed for deletions of hgcA, hgcB, and 

the combination of hgcAhgcB in ND132 and to generate the complementing plasmids that 

would restore these genes in ND132.   

For generation of the upstream and downstream homology regions genomic DNA from 

ND132 was purified using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI) per 

manufacturer’s instruction.  After the final wash step DNA was eluted into sterile water.  

Kanamycin resistance gene KanR (npt) was amplified from a TOPO TA cloning plasmid 
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(Invitrogen, Carlsbad, CA).  The origin of replication for E. coli was the well characterized pUC 

origin of replication.  The pUC origin of replication does not function to replicate in ND132, 

thereby ensuring the plasmid is a ‘suicide plasmid’ and will not replicate once introduced into 

ND132. Therefore any antibiotic resistant colonies that form should be the result of 

chromosomal integration and expression of the resistance marker.   

Plasmid fragments (5 µl of the SLIC reaction with 100 ng- 500 ng total DNA) were 

introduced in to E. coli Silver cells (Bioline, Taunton, MA) via heat shock per instructions of the 

supplier.  E. coli cells (50 µl) were thawed on ice and incubated with the DNA for 30 min on ice.  

Heat shock was conducted at 42° C for 30 sec with subsequent two minute incubation on ice.  

The E. coli containing the plasmid fragments was then allowed to assemble the fragments and 

express the resistance gene(s) during a 1 h recovery step in SOC medium at 37° C in an aerobic 

shaker (New Brunswick Scientific, Edison, NJ).    

Plasmids were then purified from E. coli with the GeneJET Plasmid Miniprep Kit 

(ThermoFisher Scientific) per manufacturer’s instructions and sequence verified by Sanger 

sequencing of both strands at the University of Missouri DNA core.  Plasmids with correct 

sequence were chosen for electroporation into ND132.   

2.2.6 Complementation of deleted genes back into ND132 

Plasmids for complementing the deletions and restoring the deleted genes back into the 

bacterial chromosome were constructed in a similar fashion to that diagrammed in Figure 3.3.  

The complementing plasmids were integrated into their respective deletion mutants in the 

attempt to restore function.  In the case of complementation, the KmR antibiotic resistance 

marker that was originally used to select for deletion of the hgcAhgcB gene pair was replaced 
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with the  hgcahgcB gene pair and another, different antibiotic resistance marker (SpR).  The 

resulting constructs were then screened for the loss of KmR resistance and the acquisition of SpR. 

2.2.7  Electroporation and recombination 

Plasmids were introduced into ND132 by electroporation (Keller, Wall et al. 2010, Parks, 

Johs et al. 2013).  ND132 was grown in MOYLS4 overnight from freezer stocks to a volume of 40 

ml.  At this stage the cells were in exponential growth phase.  The cells were centrifuged 5000 x 

g for 12 min, washed once with 40 ml of cold 30 mM Tris buffer pH 7.4 and resuspended in 1 ml 

cold 30 mM Tris.  Centrifugations were performed in sealed 50 ml centrifuge tubes in aerobic 

atmosphere outside of the glove bag, but all other steps were performed in the anaerobic glove 

bag.  Electroporations into ND132 were performed with 100-500 ng DNA in a 100 µl volume of 

cold 30 mM Tris with the parameters of the electroporator (BTX Harvard Apparatus, Holliston, 

MA) set at 1500 V, 250 ohms, and 25 µF.  After electroporation cells were allowed to recover in 

1 ml of MOYLS4 medium for 48 h.    

2.2.8  Plating and recovery 

Plating and recovery were as described (Parks, Johs et al. 2013).  After the 48-h recovery 

period following electroporation cells were plated in Petri dishes containing MOYLS4 with 0.2% 

(wt / vol) yeast extract.  These selection plates contained the antibiotic for which the marker 

replacement antibiotic gene encoded resistance.  Colonies were evident after 5-7 days and were 

subsequently picked onto MOYLS4 plates containing (1) the antibiotic of the marker 

replacement cassette, (2) the antibiotic of the plasmid backbone, or (3) no antibiotic.  Colonies 

that grew on the marker replacement antibiotic and the antibiotic of the plasmid backbone 

were not chosen as they may have been the result of a single recombination event that 



43 
 
 

integrated the entire plasmid.  Colonies that grew on the marker replacement antibiotic but not 

the antibiotic of the plasmid backbone were selected as they were likely the result of the 

desired double recombination event. 

Serial dilutions and platings were made of bacterial cultures containing the desired 

mutant constructs where cultures were diluted to concentrations low enough to ensure when a 

colony was selected that there was low probability of selecting a second, contaminating colony.  

This was to control for creating mutant strains with mixed populations. 

2.2.9  Southern blot verification of double recombination marker replacement 

Southern blotting analysis was performed as described (Parks, Johs et al. 2013).  gDNA 

extraction was performed with the Wizard Genomic DNA Purification Kit (Promega).  Primer 

design strategy is diagrammed in Figure 2.6 in the results section.  “Gene deletions were verified 

and confirmed by Southern blots as previously described (Bender, Yen et al. 2007), with the 32P-

probe being the PCR amplicon of the upstream region used for the deletion of the hgcA gene. 

Subsequently, a single transformant was designated for each D. desulfuricans ND132 deletion, 

for example, JWN1000 (ΔhgcAND132), JWN1001 (ΔhgcABND132) and JWN1002 (ΔhgcBND132).”(Parks, 

Johs et al. 2013)    Restriction enzymes were from New England Biolabs (Ipswich, MA). 

2.2.10  Reverse transcription- PCR (RT-PCR) verification of mRNA expression levels of deletions 

and complements 

RT-PCR was performed as described (Parks, Johs et al. 2013).  ND132 cells were grown 

to an OD of 0.7 as described earlier in this document.  Five ml of cells were centrifuged 10 min at 

5000  x g and resuspended in 5 ml TRI-reagent (Gibco BRL, Grand Island, NY) and frozen at -20° C  

for later  RNA extraction.   
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 For RNA extraction these TRI-reagent-cell mixtures were thawed on ice and then a 0.2X 

concentration of chloroform was added and the mixture was vortexed for 20 sec.  After a 10-

min incubation at RT the cells were then centrifuged at 10000 x g for 15 min at 4° C.  The top 

layer was transferred to a new tube and 1X cold isopropanol was added.  The mix was allowed 

to sit at RT for 10 min and then centrifuged 10000 x g for 15 min at 4° C.  Supernatant was 

discarded and the pellet was washed in 75% cold ethanol and centrifuged as before.  

Supernatant was again discarded and the pellet was allowed to dry at RT and resuspended in 

DEPC-treated sterile water.  DNA was removed by DNase treatment with Turbo DNase (Ambion, 

Foster City, CA) per instruction from the supplier. 

2.2.11  cDNA synthesis and PCR amplification of cDNA 

  cDNA was generated from the isolated RNA with the iSCript cDNA synthesis kit  (BioRad, 

Hercules, CA).  The control for contaminating DNA was PCR amplification from the purified RNA 

before cDNA synthesis. 

PCR parameters proved to be absolutely critical for these experiments and therefore are 

presented exactly how they appeared in the publication (Parks, Johs et al. 2013).  “PCRs were 

performed with Bullseye Standard Taq DNA Polymerase Kit (Midwest Scientific, Valley Park, MO) 

and modified by the addition of 10% (vol/vol) DMSO. The amplification conditions of the PCRs of 

the cDNAs were: 94°C 30 sec, 60°C 30 sec and 74°C 15 sec repeated for 38 cycles for hgcA and 

35 cycles for hgcB. Primers for PCR were designed with OligoAnalyzer 3.1 software (Integrated 

DNA Technologies, Des Moines, IA). Criteria for primer design were a melting temperature of 

60°C and primer length of ~20 nucleotides. The following primer pairs were used for the 

respective amplification of hgcA or hgcB cDNA transcripts: DND132_1056-RTPCR-F with 
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DND132_1056-RTPCR-R and DND132_1057-RTPCR-F with DND132_1057-qPCR-R2 (see Table 

2.2). Fragments of 282 and 228 bp were expected from hgcA and hgcB, respectively, from the 

cDNA generated from ND132 wild type and appropriate mutants. Genomic DNA template from 

D. desulfuricans ND132 served as positive control for PCR. Products were visualized on 0.8% 

(wt/vol) agarose gel.” (Parks, Johs et al. 2013) 

2.2.12  Growth curve experiments 

Growth curve experiments were conducted to determine if the derived strains with the  

hgc genes deleted showed growth comparable to that of wild type.  Wild-type and deletion 

mutant strains of ND132 were grown in MOYLS4 and OD600nm were taken throughout growth to 

compare growth between wild-type and mutant strains.   

2.2.13  Hg(II) exposure for CH3Hg+ assays 

 All Hg exposures were in the 34° C anaerobic glove bags.  ND132 cells were exposed to 

10 ng/ml (37nM) HgCl2 in MOYPF medium, at a volume of 400 µl, at an OD600nm of 0.20, for 2 h in 

the dark, in triplicate.  Positive control for CH3Hg+ production was wild-type ND132 cells.  

Negative controls consisted of abiotic medium alone and heat-killed wild-type ND132 cells.  

After 2 h, 200 µl of 9 N nitric acid was added to the Hg-cell mixture for 48 h at RT in the dark to 

kill the cells and halt Hg speciation.   

2.2.14  CH3Hg+ assay EPA method 1630 for ND132 

CH3Hg+ detection was performed as described (Parks, Johs et al. 2013) following EPA 

method 1630 (http://nepis.epa.gov/Exe/ZyPDF.cgi/P100IKBQ.PDF?Dockey=P100IKBQ.PDF) with 

the exception of the omission of the distillation step.  All reagents and instrumentation for 

http://nepis.epa.gov/Exe/ZyPDF.cgi/P100IKBQ.PDF?Dockey=P100IKBQ.PDF
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CH3Hg+ detection were from Brooks Rand Labs (Seattle, WA).  The MerX system was used for 

CH3Hg+ detection. 

After 48 h of nitric acid exposure 100 µl of the Hg-exposed samples was added to 40 ml 

Millipore 18 Ω purified water (EMD Millipore, Billerica, MA) containing 400 µl of a 2 M acetate 

buffer to bring the solution to a pH of 4.5.  Fifty microliters of (1% wt / vol) tetraethylborate was 

then added to the samples to ethylate all Hg species present.  This is a tetraethylborate 

concentration that ensures that all Hg species present will be ethylated and volatilized.  

The MerX auto-sampling CH3Hg+ detection system, diagrammed in Figure 2.5, works in 

the following way:  the 40-ml sample containing the ethylated Hg species (upon reaction with 

tetraethylborate CH3Hg+ becomes CH3(CH2CH3(Hg)) and Hg2+ becomes (CH3CH2)2Hg while Hg0 

remains Hg0) is passed through a bubbling chamber where the volatile ethylmercury species are 

bubbled off with N2 gas.  This Hg vapor is captured on a Tenax trap (designed to trap volatile 

organics) and  then passed through a capillary gas chromatography (GC) column to separate the 

Hg species.  After separation the gaseous Hg species are then routed through a pyrolysis 

module, thereby converted to Hg0, and passed in front of a light source bandpass filtered to 254 

nm and emission is detected by a photomultiplier tube.  Standard and sample peaks were 

recorded and integrated by Mercury Guru software(Brooks Rand Labs) and results were 

obtained as total pg Hg species per sample. 
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Figure 2.5. Schematic of MerX CH3Hg+ detection system 

 

 

Figure 2.5.  Schematic of gas flow through the MerX CH3Hg+ detection system.  After ethylation, 

the sample (yellow path) is sent through the bubbler chamber where the volatile Hg is bubbled 

off with N2 and captured in one of three Tenax traps.  There are three traps to increase 

throughput of the system.  After adsorption to the trap the sample is dried (blue path) and 

desorbed (green path) and pushed through the GC column with argon gas where the Hg species 

are separated.  The sample then passes through the pyrolysis module to convert all species to 

Hg0 and is then routed to the detection unit (cold vapor atomic fluorescence spectroscopy -

CVAFS). 
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Section 2.3 Results 

2.3.1 Southern blot analysis 

Southern blot analysis (Figure 2.6) showed that the desired double recombination 

event(s) had taken place and that the hgcA, hgcB or hgcAhgcB genes had been replaced with the 

antibiotic resistance cassette coding for KmR.  The resultant deletion strains were given the 

nomenclature JWN1000 (ND132ΔhgcA), JWN1001 (ND132ΔhgcAB), and JWN1002 

(ND132ΔhgcB). 

2.3.2 RT-pCR analysis 

mRNA expression and lack thereof of wild type ND132 and the hgcA , hgcB and 

hgcAhgcB deletion strain genes showed that the mRNA expression patterns matched the gene 

deletions of the hgc genes (Figure 2.7).   

2.3.3  Growth of deletion mutants 

Deletion of hgcA, hgcB, or both hgcA and hgcB led to no statistical difference in growth 

(Figure 2.8) of ND132. 
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Figure 2.6 legend 

Figure 2.6. Southern Blot analysis of ND132.  With permission from Figure S8 of Parks et al.  (Parks, 

Johs et al. 2013) showing the scheme for Southern blot analysis of  ND132 marker exchange 

deletion mutants and complements.  Diagram of the genome regions encoding hgcA and hgcB 

in D. desulfuricans ND132. Genes are represented by block arrows pointed in the direction 

of transcription while the genomic DNA is shown as a solid line.  (A) Primer positioning for 

construction of the deletions and complements of D. desulfuricans ND132 genes. (B) 

Diagrams of the DraIII restriction endonuclease digestions for the wild-type genome and 

the marker exchange deletion of hgcAND132 (strain JWN1000).   Restriction sites are 

depicted as dotted lines across the DNA.  (C) Diagrams of the ZraI restriction endonuclease 

digestions for the wild-type genome and the marker exchange deletion of hgcABND132 and 

hgcBND132 (JWN1001 and JWN1002, respectively). (D) Autoradiograph of a Southern blot 

showing the expected and obtained DNA DraIII or ZraI fragments for wild-type and marker 

exchange deletions for hgcAND132, hgcBND132, and hgcABND132 (strains JWN1000, JWN1002 

and JWN1001, respectively). (E) Diagrams of the ZraI restriction endonuclease digestions 

for the wild-type genome and complements of the deletions for hgcABND132 and hgcBND132 

(strains JWN1003 and JWN1004, respectively). (F) and (G) Autoradiographs of Southern 

blots showing the expected and obtained DNA ZraI fragments for the wild-type genome 

and complements of the marker exchange mutants deleted for hgcABND132 and hgcBND132 

(JWN1003 and JWN1004, respectively). The schematic is not drawn to scale (Parks, Johs et 

al. 2013).  With permission from Science.  
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Figure 2.7. RT-PCR analysis of mutants. 

 

 

  

Figure 2.3.2. Lane contents 

+ ND132 genomic DNA 

-  no template 

M DNA ladder 

1. ND132 

2. JWN1000 ΔhgcA 

3. JWN1001 Δ (hgcA hgcB) 

4. JWN1002 ΔhgcB 

5. JWN1003 ΔhgcAB :: hgcAB 

6.JWN1004 ΔhgcB :: hgcB 
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Figure 2.7 legend 

Figure 2.7. Figure S3 from Parks et al. (Parks, Johs et al. 2013) with permission from Science.  

Transcription of hgcA or hgcB genes determined by Reverse Transcription-PCR analyses of the 

hgcA (A) and (B) and hgcB (C) and (D) gene transcripts among the different strains of D. 

desulfuricans ND132. PCRs were performed with cDNA as template and primers for (A) hgcA or 

(C) hgcB. The absence of DNA contamination from the total RNA tested for (B) hgcA and (D) 

hgcB gene transcripts were PCRs carried out on RNA samples not treated with iScript™ Reverse 

Transcriptase, but subjected to the same number of amplification cycles as the corresponding 

cDNA samples. (+) Positive control (D. desulfuricans ND132 genomic DNA), (-) No template 

control, (M) DNA ladder (GeneRuler™ 1 kb Plus DNA Ladder, Fermentas, ThermoScientific), (1) 

D. desulfuricans ND132, (2) JWN1000 (ΔhgcA), (3) JWN1001 Δ(hgcAhgcB), (4) JWN1002 (ΔhgcB),  

(5)  JWN1003  (ΔhgcAB::hgcAB),  (6)  JWN1004  (ΔhgcB::hgcB).  Expected  PCR product sizes are 

282 bp for RT-PCR on cDNA transcripts of hgcA and 228 bp for RT-PCR on cDNA transcripts of 

hgcB and PCR were achieved with 38 and 35 amplification cycles, respectively. The respective 

pairs of primers used for RT-PCR of hgcA and hgcB gene transcripts were DND132_1056-RTPCR-

F with DND132_1056-RTPCR-R and DND132_1057-RTPCR-F with DND132_1057-qPCR-R2 (see 

Table 2.2). (Parks, Johs et al. 2013) 
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Figure 2.8. Growth comparisons of ND132 and hgcA and hgcB deletions. 

 

] 

 

 

Figure 2.8. Growth curves of wild-type and hgc deletion mutants of ND132 showing no statistical 

difference, from wild-type, in growth for any of the mutant strains at any of the time points.  

From Parks et al. (Parks, Johs et al. 2013).  With permission from Science. 
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2.3.4  CH3 Hg+ production 

Deletion of hgcA, hgcB or hgcAhgcB led to complete loss of the ability of the cells to 

methylate Hg. (Figure 2.9).  ND132 with deletion of either hgcA, hgcB, or hgcAB all led to the 

loss of MeHg production.  Complementation of hgcB back into the hgcB deletion restored the 

ability of ND132 to methylate Hg. Complementation of hgcAB back into the ND132ΔhgcAB led to 

restoration of CH3Hg+ production, but at a lower level that that of wild-type. This has since been 

shown to be an effect of the culture condition and also cell density.  Under parameters that 

control growth phase and OD600nm during the assay the complement strain produces CH3Hg+ the 

same as does the wild-type.  All negative controls were negative for production of CH3Hg+. 
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Figure 2.9. CH3Hg+ production by hgcA and hgcB deletion and complement strains. 

 

Fig.2.9. CH3Hg+ production (ng / L) by cultures of ND132.  The x-axis denotes the strain assayed 

while the height of the bars reflects the production of CH3Hg+ in ng / L.  Values are presented 

normalized to cellular OD600nm.  Negative controls of ND132 medium alone and E.coli cells are on 

the far right and show no CH3Hg+.  ΔND132_hgcAB::hgcAB and ΔND132_hgcA::hgcB are deletion 

strains with the deleted gene complemented back into the genome  (Parks, Johs et al. 2013).  

With permission from Science. 
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Section 2.4 Discussion 

The results show that in ND132 hgcA and hgcB are both necessary for the formation of 

CH3Hg+.  These results support the long held theory that a corrinoid associated mechanism is 

necessary for the methyl transfer to CH3Hg+.  Of importance, the fact that deletion of either 

hgcA alone or hgcB alone led to lack of CH3Hg+ production shows that both of these proteins 

together are needed for the reaction.   

Bartha had shown that the methyl group likely originates from the methyl-H4folate 

(Choi, Chase et al. 1994).  This new work suggests that the methyl is transferred to cob(I)-HgcA 

as a carbocation resulting in methyl-cob(III)-HcgA.  This work  proposes a subsequent carbanion 

transfer from methyl-cob(III) HcgA to a Hg containing substrate (Parks, Johs et al. 2013).  The 

mechanism for the enzymatic corrinoid protein mediated transfer of a methyl carbanion  has 

only rarely been observed, but the circumstances led to the proposal of an HgcA and HgcB 

mechanism of a methyl carbanion transfer to form CH3Hg+ (Figure 2.11).  In the proposed 

mechanism the methyl carbocation is transferred from methyl-H4folate to cob(I)-HgcA resulting 

in methyl-cob(III) HgcA.  The methyl from this HgcA complex is then transferred as a methyl 

carbanion to the Hg resulting in cob(III)-HgcA.  The ferredoxin like HgcB then regenerates the 

cob(I) form of Hgc-A for the cycle to continue. 
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Figure 2.11. Proposed pathway of Hg methylation 

 

 

 

Fig 2.11.  Proposed mechanism for HgcA and HgcB mediated Hg methylation (change to Co(II) 

HgcA).  Depicted is the methyl carbocation transfer from CH3-THF to form CH3-Co(III)-HgcA.  

Then the subsequent methyl carbanion transfer to a Hg substrate occurs, leading to Co(III)-HgcA 

form of HgcA.  This Co(III)-HgcA is then regenerated to Co(I)-HgcA with the reducing power of 

HgcB and the cycle can continue.  Adapted from Parks et al. (Parks, Johs et al. 2013).   

 

  

Co(III)
-HgcA 
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This mechanism fits with the data showing the hgcA and hgcB deletions lead to lack of Hg 

methylation and support the suggestion that the close proximity of the two genes likely points 

to a functional link between hgcA and hgcB.  The proposed corrinoid mediated methyl transfer 

is supported by the identification of hgcA based on homology to other CFeSPs and the fact that 

when deleted, there is no CH3Hg+ formed.   The ferredoxin-like characteristics of HgcB lend 

support to the theory that it is involved in the regeneration of Co(III)-HgcA to Co(I)-HgcA.  The 

mechanistic considerations will be discussed further in the following chapter. 

 With the data generated here an important, decades old scientific question has begun 

to be answered.  These results have redirected major efforts in CH3Hg+ research and already led 

to progress in identifying methylating species and environments where the hgcA and hgcB genes 

are present (Gilmour, Podar et al. 2013, Podar, Gilmour et al. 2015)  
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Chapter 3 

The work presented in this chapter is published in Smith et al. 2015 “Site-directed mutagenesis 

of HgcA and HgcB reveals amino acid residues important for mercury methylation.”  Appl 

Environ Microbiol. 2015 May 1;81(9):3205-17. doi: 10.1128/AEM.00217-15 

Section 3.1 Introduction 

With the establishment of the presence of DND132_1056 and DND132_1057 encoding 

the cap helix containing HgcA and the ferredoxin-like HgcB, respectively,  to be necessary for Hg 

methylation in ND132 (Parks, Johs et al. 2013), we next explored key residues of the protein 

products of the two genes that were hypothesized to be critical for the methylation reaction.  As 

previously stated, HgcA can be divided into two major domains, an N-terminal soluble domain, 

and a C-terminal transmembrane domain most likely containing four transmembrane α-helices 

(Fig 3.1).  The soluble domain contains a cap helix (Goetzl, Jeoung et al. 2011) like stretch of 

amino acids that shares homology with other cap helix regions of corrinoid interacting proteins.  

This structure helps orient the corrinoid cofactor in a way to facilitate the methyl transfer 

reaction.  The cap helix of HcgA from all known orthologs shows a high degree of conservation 

(Fig 3.2).  At the center of the cap helix is a cysteine residue (Cys93 in HgcAND132) that could 

possibly be involved in coordinating to the Co of the corrinoid cofactor.   To determine if the cap 

helix structure was necessary for the Hg-methylation reaction to proceed, point mutations were 

made in the region containing the cap helix and in the helix itself.  Amino acid substitutions were 

generally to either alanine, in attempts to modify the side chain chemistry (Morrison and Weiss 

2001) of the amino acids in the helical region, or proline, to disrupt the structure of the helix 

(von Heijne 1991, Nilsson, Saaf et al. 1998).  Cysteine 93 of HgcA, the cysteine residue at the 
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center of the cap helix, was mutated to threonine, the corresponding residue in the CFeSP of 

Carboxydrothermus hydrogenoformans that was used as a template to identify HgcA 

(Svetlitchnaia, Svetlitchnyi et al. 2006), to histidine, and to alanine.  Trp92, the tryptophan 

residue directly upstream of Cys93, was mutated to alanine and also mutated to phenylalanine 

to maintain an aromatic side chain in the mutation of this residue.  Directly downstream of 

Cys93 are two alanine residues, Ala94 and Ala95 that were both mutated to serine for the 

purposes described above.   

Attempts were also made in an effort to determine if the soluble N-terminal domain of 

HgcA could function independently of the C-terminal transmembrane region by truncating HgcA 

after the soluble region.   

HgcB is thought to play the role of a ferredoxin in the Hg methylation reaction.  The 

proposed Hg methylation cycle (Fig 2.10) would require the reduction of Co(III) to regenerate 

Co(I)-HgcA for the continuation of the cycle.  The ferredoxin-like properties of HgcB make it a 

candidate for this reaction.  HgcB has two classical [4Fe-4S] cluster binding domains, typical of 

ferredoxin proteins, but has no structural homology to any other ferredoxins (Bruschi and 

Hatchikian 1982, Bertini, Donaire et al. 1995, Davy, Osborne et al. 1998).  HgcB also contains 

vicinal cysteines (Cys95 and Cys96) at the extreme C-terminus and one other cysteine Cys73, not 

part of the [4Fe-4S] centers and separated from the vicinal cysteines in the amino acid 

sequence.  These cysteines may play a role in the Hg methylation reaction by either binding Hg 

and facilitating its positioning in the enzyme (DeSilva, Veglia et al. 2002), or may act as a redox 

switch to change the conformation of HgcB depending on the redox state (Carugo, Cemazar et 

al. 2003, Wouters, Fan et al. 2010) of the cysteines.  Cysteine 73 may also be   



61 
 
 

 

Figure 3.1 Cartoon of proposed HgcA structure 

 

 Figure 3.1.  Proposed structure of HgcA showing the soluble N-terminal domain in ribbon 

diagram, interacting with the corrinoid cofactor, and a schematic of the C-terminal proposed 

four helix transmembrane domain.  
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Figure 3.2. Cap helix conservation and proposed interaction with cofactor 

 

Fig 3.2 (A) Protein sequence conservation profile for residues in the region surrounding Cys93 

(ND132 numbering) in 77 known HgcA homologs found by an NCBI BLAST search as of 

November 2014. The larger the size of the letter for the amino acid correlates with a higher level 

of conservation (created by Seq2Logo (Thomsen and Nielsen 2012)). (B) Homology model of 

HgcA. Only residues in the putative cap helix (ND132 numbering) and cobalamin in a “base-off, 

Cys-on” configuration are shown. The methylcobalamin planar ring is at the top. Important 

features of the corrinoid ring are shown in the following colors: pink for cobalt, red for oxygen, 

blue for nitrogen, and gray for carbon. The cap helix region of HgcA is shown in green, and the 

sulfur of Cys93 is shown in yellow (Smith, Bridou et al. 2015).  With permission from Appl 

Environ Microbiol. 
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involved in binding Hg or could possibly act in concert with the vicinal cysteines in a similar way 

that the MerB protein utilizes multiple cysteines to bind to and move Hg to the active site 

(Lafrance-Vanasse, Lefebvre et al. 2009). 

To determine a functional role of the cysteines of HgcB that are not located in the [4Fe-

4S] centers, these residues were targeted for mutagenesis.  The vicinal cysteines were mutated 

to alanine either separately or together, and the other cysteine, Cys73, was mutated to alanine 

in a separate experiment. 

Section 3.2 Materials and Methods 

3.2.1  Plasmids and primers 

All bacterial strains are listed in Table 3.1.  Primers and plasmids used in these 

experiments are listed in Table 3.2.   

3.2.2  Site-directed mutagenesis 

Site-directed mutagenesis of HgcA and HgcB was undertaken on the pMO4661 hgcAB 

complementation plasmid as a template as diagrammed in Fig 3.3.  In this Figure, the example of 

mutating Cys93 is depicted. Briefly, three separate fragments of the plasmid are amplified with 

PCR primers containing the desired mutation present in one of the sets of amplifying primers as 

depicted in Figure 3.4.  After amplification, the PCR fragments were treated with DpnI restriction 

enzyme (New England Biolabs, Ipswich, NJ) to cleave all pMO4661 DNA of bacterial origin (Fisher 

and Pei 1997) to avoid carry-over of parent plasmid into the subsequent selection steps.  The 

fragments were then joined by the SLIC (Hill and Eaton-Rye 2014) procedure as described above  
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Table 3.1. Plasmids used in experiments in Chapter 3.
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Table 3.2 Primers used in experiments in Chapter 3.  

 Sequence Purpose Resulting plasmid 
1056 R87A F GTG GTG GAT ACG GCC GGC ATC AAC 

GTC TGG 
To make the point mutation of 
Arg87 to Ala87 in hgcA 

pMO4676 

1056 R87A R CCA GAC GTT GAT GCC GGC CGT ATC 
CAC CAC 

To make the point mutation of 
Arg87 to Ala87 in hgcA 

pMO4676 

1056 G88A F GTG GAT ACG CGC GCC ATC AAC GTC 
TGG TGC 

To make the point mutation of 
Gly88 to Ala88 in hgcA 

pMO4675 

1056 G88A R GCA CCA GAC GTT GAT GGC GCG CGT 
ATC CAC 

To make the point mutation of 
Gly88 to Ala88 in hgcA 

pMO4675 

1056 I89A F GAT ACG CGC GGC GCC AAC GTC TGG 
TGC GC 

To make the point mutation of 
Ile89 to Ala89 in hgcA 

pMO4674 

1056 I89A R GCG CAC CAG ACG TTG GCG CCG CGC 
GTA TC 

To make the point mutation of 
Ile89 to Ala89 in hgcA 

pMO4674 

1056 N90A F GCG CGG CAT CGC CGT CTG GTG CGC G To make the point mutation of 
Asn90 to Ala90 in hgcA 

pMO4673 

1056 N90A R CGC GCA CCA GAC GGC GAT GCC GCG C To make the point mutation of 
Asn90 to Ala90 in hgcA 

pMO4673 

hgcA N90P F TACGCGCGGCATCCCCGTCTGGTGCGCGG
CGGGCA 

To make the point mutation of 
Asn90 to Pro90 in hgcA 

pMO4800 

hgcA N90P R TGCCCGCCGCGCACCAGACGGGGATGCCG
CGCGTA 

To make the point mutation of 
Asn90 to Pro90 in hgcA 

pMO4800 

1056 V91A F CGG CAT CAA CGC CTG GTG CGC GGC To make the point mutation of 
Val91 to Ala91 in hgcA 

pMO4672 

1056 V91A R GCC GCG CAC CAG GCG TTG ATG CCG To make the point mutation of 
Val91 to Ala91 in hgcA 

pMO4672 

hgcA V91P F TGGATACGCGCGGCATCAACCCCTGGTGC
GCGGCGGGCAAGGGGT 

To make the point mutation of 
Val91 to Pro91 in hgcA 

pMO4801 

hgcA V91P R ACCCCTTGCCCGCCGCGCACCAGGGGTTG
ATGCCGCGCGTATCCA 

To make the point mutation of 
Val91 to Pro91 in hgcA 

pMO4801 

1056 W92A F CAT CAA CGT CGC GTG CGC GGC GGG To make the point mutation of 
Trp92 to Ala92 in hgcA 

pMO4671 

1056 W92A R CCC GCC GCG CAC GCG ACG TTG ATG To make the point mutation of 
Trp92 to Ala92 in hgcA 

pMO4671 

hgcA W92P F ACGCGCGGCATCAACGTCCCGTGCGCGGC
GGGCAAGGGGT 

To make the point mutation of 
Trp92 to Pro92 in hgcA 

pMO4802 

hgcA W92P R ACCCCTTGCCCGCCGCGCACGGGACGTTG
ATGCCGCGCGT 

To make the point mutation of 
Trp92 to Pro92 in hgcA 

pMO4802 

hgcA W92F-F CGCGGCATCAACGTCTTCTGCGCGGCGGG
CAAGG 

To make the point mutation of 
Trp92 to Phe92 in hgcA 

pMO4806 

hgcA W92F-R CCTTGCCCGCCGGCGAGAAGACGTTGATG
CCGCG 

To make the point mutation of 
Trp92 to Phe92 in hgcA 

pMO4806 

1056 C delta T- F CAACGTCTGGACCGCGGCGGGCAA To make the point mutation of 
Cys93 to Thr93 in hgcA 

pMO4658 

1056 C delta T- R TTGCCCGCCGCGGTCCAGACGTTG To make the point mutation of 
Cys93 to Thr93 in hgcA 

pMO4658 

1056 C93A-F CAACGTCTGGGCCGCGGCGGGCAA To make the point mutation of 
Cys93 to Ala93 in hgcA 

pMO4670 

1056 C93A-R TTGCCCGCCGCGGCCCAGACGTTG To make the point mutation of 
Cys93 to Ala93 in hgcA 

pMO4670 

hgcA C93H Fwd ATCAACGTCTGGCACGCGGCGGGCAAG To make the point mutation of 
Cys93 to His93 in hgcA 

pMO4699 

hgcA C93H Rev CTTGCCCGCCGCGTGCCAGACGTTGAT To make the point mutation of 
Cys93 to His93 in hgcA 

pMO4699 

hgcA A94S-F CAACGTCTGGTGCTCGGCGGGCAAGGGGT To make the point mutation of 
Ala94 to Ser94 in hgcA 

pMO4683 

hgcA A94S-R ACCCCTTGCCCGCCGAGCACCAGACGTTG To make the point mutation of 
Ala94 to Ser94 in hgcA 

pMO4683 
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  Table 3.2. Continued. 

hgcA A94P F GGCATCAACGTCTGGTGCCCGGCGGGCAA
GGGGTTGTTC 

To make the point mutation of 
Ala94 to Pro94 in hgcA 

pMO4803 

hgcA A94P R GAACAACCCCTTGCCCGCCGGGCACCAGA
CGTTGATGCC 

To make the point mutation of 
Ala94 to Pro94 in hgcA 

pMO4803 

hcgA A95S-F ACGTCTGGTGCGCGTCGGGCAAGGGGTTG
T 

To make the point mutation of 
Ala95 to Ser95 in hgcA 

pMO4684 

hgcA A95S-R ACAACCCCTTGCCCGAGCCGCACCAGACGT To make the point mutation of 
Ala95 to Ser95 in hgcA 

pMO4684 

hgcA A95P F ATCAACGTCTGGTGCGCGCCGGGCAAGGG
GTTGTTCACCGCT 

To make the point mutation of 
Ala95 to Pro95 in hgcA 

pMO4804 

hgcA A95P R AGCGGTGAACAACCCCTTGCCCGGCGCGC
ACCAGACGTTGAT 

To make the point mutation of 
Ala95 to Pro95 in hgcA 

pMO4804 

1056 G96A F TGG TGC GCG GCG GCC AAG GGG TTG 
TTC A 

To make the point mutation of 
Gly96 to Ala96 in hgcA 

pMO4677 

1056 G96A R TGA ACA ACC CCT TGG CCG CCG CGC 
ACC A 

To make the point mutation of 
Gly96 to Ala96 in hgcA 

pMO4677 

1056 K97A F TGC GCG GCG GGC GCG GGG TTG TTC 
ACC G 

To make the point mutation of 
Lys97 to Ala97 in hgcA 

pMO4678 

1056 K97A R CGG TGA ACA ACC CCG CGC CCG CCG 
CGC A 

To make the point mutation of 
Lys97 to Ala97 in hgcA 

pMO4678 

1056 G98A F GCG GCG GGC AAG GCG TTG TTC ACC 
GCT T 

To make the point mutation of 
Gly98 to Ala98 in hgcA 

pMO4679 

1056 G98A R AAG CGG TGA ACA ACG CCT TGC CCG 
CCG C 

To make the point mutation of 
Gly98 to Ala98 in hgcA 

pMO4679 

hgcA G98P-F TGCGCGGCGGGCAAGCCGTTGTTCACCGC
TTCCGA 

To make the point mutation of 
Gly98 to Pro98 in hgcA 

pMO4805 

hgcA G98P-R TCGGAAGCGGTGAACAACGGCTTGCCCGC
CGCGCA 

To make the point mutation of 
Gly98 to Pro98 in hgcA 

pMO4805 

1056 L99A F GCG GGC AAG GGG GCG TTC ACC GCT 
TCC G 

To make the point mutation of 
Leu99 to Ala99 in hgcA 

pMO4680 

1056 L99A R CGG AAG CGG TGA ACG CCC CCT TGC 
CCG C 

To make the point mutation of 
Leu99 to Ala99 in hgcA 

pMO4680 

1056 F100A F GGC AAG GGG TTG GCC ACC GCT TCC 
GAG G 

To make the point mutation of 
Phe100 to Ala100 in hgcA 

pMO4681 

1056 F100A R CCT CGG AAG CGG TGG CCA ACC CCT 
TGC C 

To make the point mutation of 
Phe100 to Ala100 in hgcA 

pMO4681 

1056 T101A F CAA GGG GTT GTT CGC CGC TTC CGA 
GGT GG 

To make the point mutation of 
Thr101 to Ala101 in hgcA 

pMO4682 

1056 T101A R CCA CCT CGG AAG CGG CGA ACA ACC 
CCT TG 

To make the point mutation of 
Thr101 to Ala101 in hgcA 

pMO4682 

F into 1057 for 1056 
trunc 

CCTTCCTGCGCAACGGCAACAAGGCGTGA
CCGGGAGACTGATGATGAAGGATTTCCG 

To truncate hgcA at after a.a. 
166 (Fig.3 A&B) 

pMO4695 

R into 1056 for 56 
trunc 

CGGAAATCCTTCATCATCAGTCTCCCGGTC
ACGCCTTGTTGCCGTTGCGCAGGAAGG 

To truncate hgcA at after a.a. 
166 (Fig.3 A&B) 

pMO4695 

hgcA STOP 187-F CGCTCATCCCGGTGTAACTGTACCAGCTGC
GCAA 

To mutate Glu187 of hgcA to 
STOP (TAA) (Fig.3 C) 

pMO4807 

hgcA STOP 187-R TTGCGCAGCTGGTACAGTTACACCGGGAT
GAGCG 

To mutate Glu187 of hgcA to 
STOP (TAA) (Fig.3 C) 

pMO4807 

1056 E312A- F GGGCGTGGAAAAGGCAATGCGCCGGGGC
ATG 

To make the point mutation of 
Glu312 to Ala312 in hgcA 

pMO4685 

1056 E312A- R CATGCCCCGGCGCATTGCCTTTTCCACGCC
C 

To make the point mutation of 
Glu312 to Ala312 in hgcA 

pMO4685 
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  Table 3.2 Continued 

hgcB C73A Fwd GTCACCCCCGGCACGGGCGCGGCCGCCTA
CCTGGTCTCGGT 

To make the point mutation of 
Cys73 to Ala73 in hgcB 

pMO4808 

hgcB C73A Rev ACCGAGACCAGGTAGGCGGCCGCGCCCGT
GCCGGGGGTGAC 

To make the point mutation of 
Cys73 to Ala73 in hgcB 

pMO4808 

1057 C95A-F ATCGACGCCGCCGCCTGCTAGCGTATGCG
CT 

To make the point mutation of 
Cys95 to Ala95 in hgcB 

pMO4667 

1057 C95A-R AGCGCATACGCTAGCAGGCGGCGGCGTCG
AT 

To make the point mutation of 
Cys95 to Ala95 in hgcB 

pMO4667 

1057 C96A-F ATCGACGCCGCCTGCGCCTAGCGTATGCG
CT 

To make the point mutation of 
Cys96 to Ala96 in hgcB 

pMO4668 

1057 C96A-R AGCGCATACGCTAGGCGCAGGCGGCGTCG
AT 

To make the point mutation of 
Cys96 to Ala96 in hgcB 

pMO4668 

1057 C95A C96A-F ATCGACGCCGCCGCCGCCTAGCGTATGCG
CT 

To make the point mutation of 
Cys95/96 to Ala95/96 in hgcB 

pMO4669 

1057 C95A C96A-R AGCGCATACGCTAGGCGGCGGCGGCGTC
GAT 

To make the point mutation of 
Cys95/96 to Ala95/96 in hgcB 

pMO4669 

pUC Amp Rev ATGTGAGCAAAAGGCCAGCAAAAGGCC For SLIC of all of the mutants 
above using pMO4661(Fig. 3.2) 

All 

1056 upstream Fwd 
with pUC ovhng 

GGCCTTTTGCTGGCCTTTTGCTCACATGTCT
ACAGGGAGCCGTTCACC 

For SLIC of all of the mutants 
above using pMO4661(Fig. 3.2) 

All 

Amp pUC Fwd GAAGTTTTAAATCAATCTAAAGTATAT For SLIC of all of the mutants 
above using pMO4661(Fig. 3.2) 

All 

1057 downstream 
Rev w/Amp ovhng 

ATTCCCTGTGCGTCGTCTGGGAAGTTTTAA
ATCAATCTAAAGTATAT 

For SLIC of all of the mutants 
above using pMO4661(Fig. 3.2) 

All 
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Figure 3.3. pMO4661 hgcAhgcB complementation construct and mutant construct design.  

Fig 3.3. Diagram of the plasmids used in the strategy for creating site-directed mutations in D. 
desulfuricans ND132 hgcA. (A) Plasmid pMO4661. The pMO4661 origin of replication and 
ampicillin resistance-encoding gene are from pCR4-TOPO (Invitrogen). Green segments represent 
the chromosomal DNA regions flanking hgcA (purple) and hgcB (orange) that provide the 
homology for recombination events. (B) Example of the specific strategy for amino acid 
mutagenesis in HgcA and delivery to the JWN1001 Δ(hgcA-hgcB)::(Pnpt-npt-upp) strain through 
transformation. The red primers were designed to mutate amino acids, while the blue primers 
were designed to amplify sections of the plasmid backbone. PCR amplicons were generated and 
assembled by sequence- and ligation-independent cloning procedures (Hill and Eaton-Rye 
2014).(C) Enlargement of the position of the PCR primers used for introducing changes in the 
Cys93 codon in the sequence of HgcA (Smith, Bridou et al. 2015).  With permission from Appl 
Environ Micribiol. 
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Figure 3.4. Primer design example for site-directed  PCR mutagenesis. 

 

 

 

 

Figure 3.4. Primer design for mutating TGC encoding cysteine  to GCC encoding alanine.  This is 

the PCR scheme used to generate mutant fragments for later assembly as shown in Figure 3.2.  

The purple box depicts ND132 genomic DNA for the sequence region containing the cap helix 

with the Cys93 codon (TGC) in the middle.  The red boxed arrows contain sequence for the 

forward and reverse PCR primers used to generate a Cys93-Ala93 mutant by changing the Cys 

codon to GCC.  These PCR fragments would then be joined by SLIC (Hill and Eaton-Rye 2014) to 

seal the plasmid and capture the mutation as dsDNA.  

 

5’- G C G C G G C A T C A A C G T C T G G TGC G C G G C G G G C A A G G G G T T G T T -3’

3’- C G C G C C G T A G T T G C A G A C C ACG C G C C G C C C G  T T C C C C A A C A A -5’

5’- C A A C G T C T G G GCC G C G G C G G G C A A -3’ 

3’- G T T G C A G A C C CGG C G C C G C C C G T T -5’ 

sense
anti-sense
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and propagated in E.coli.   Plasmids and mutations were confirmed by sequencing on both 

strands at the University of Missouri DNA core. 

3.2.3  HgcA truncation and STOP codon insertion 

Two methods were employed in an attempt to determine the necessity of the C-

terminal domain of HgcA in the Hg methylation reaction (Fig 3.5).  First, primers were designed 

to delete the C-terminal region after amino acid 166.  This would result in an hgcA gene 

encoding a truncated form of HgcA.  This approach results in removal of the 3’ hgcA sequence to 

within 14 bp of the HgcB start site, thus potentially removing the 5’ transcriptional promoter 

and transcription start site (TSS) of hgcB.  The second approach involved mutating HgcA codon 

187 GAA to a TAA STOP codon in order to truncate HgcA, but retain any possible upstream 

transcriptional regulatory region of HgcB. 
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Figure 3.5.  Approaches for truncations of HgcA. 

 

Figure 3.5. Primer design for removal of the C-terminal transmembrane domain of hgcA. (A) 

Genetic deletion strategy. The primer color reflects the complementary strands. Red indicates 

that the stop codon of hgcA was retained. Yellow represents the 14-bp intergenic region 

between hgcA and hgcB in ND132. (B) Resulting construct showing a deletion of the DNA 

encoding the C-terminal region of HgcA. (C) Construct showing the mutation of Glu187 to a 

translational stop codon that retains the 3’ region of the hgcA gene, which harbors a putative 

transcriptional start site of hgcB (Smith, Bridou et al. 2015). With permission from Appl Environ 

Microbiol. 
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3.2.4  Hg(II) exposures for assays of methylation capacity 

Hg exposures to the different mutant strains were as described in Chapter 2.  In addition 

to the controls listed in Chapter 2, another negative control was performed with a known non-

methylating mutant (ND132(ΔhgcAhgcB)).  

3.2.5  CH3Hg+ detection 

CH3Hg+ detection was performed as previous described for ND132 with Brooks Rand 

(Seattle) instruments and Brooks Rand reagents and the MerX CH3Hg+ analyzer by the modified 

EPA method 1630. 

3.2.6 HgcA antibody development 

A rabbit polyclonal antibody (Anaspec, Fremont, CA) was developed against a small 

peptide consisting of amino acids 18-29 of the N-terminal region of HgcAND132 (epitope 

YLRRDDRVGDLR) conjugated to keyhole limpet hemocyanin (KLH) (Harris and Markl 1999) to 

enhance antigenicity. The antibody was affinity purified and supplied by Anaspec. 

3.2.7  Western blotting 

As described by Smith et al. (Smith, Bridou et al. 2015) “Western analysis, including SDS-

PAGE, protein transfer onto membranes, and immunoblotting, was generally performed 

according to procedures described previously by Shapiro et al., Towbin et al., and Burnett 

(Shapiro, Vinuela et al. 1967, Burnette 1981, Towbin, Staehelin et al. 1992), with the following 

details and modifications. ND132 cultures grown anaerobically in 200 ml MOYPF to an OD600 of 

0.5 were centrifuged at 4,000 × g for 12 min at 4°C. The cell pellet was resuspended, washed, 

and centrifuged again in 50 ml of cold 50 mM potassium phosphate (KPi) buffer (pH 7.2) with 10 
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mM dithiothreitol (DTT). The cell pellet was then resuspended in 10 ml of 50 mM cold KPi buffer 

with 10 mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 100 μl bacterial protease 

inhibitor cocktail (Sigma, St. Louis, MO). The cell suspension was passed through a French press 

twice at 19,000 lb / in2. The lysate was then centrifuged at 4,000 × g for 12 min, and the 

supernatant was recovered. This supernatant was then spun at 17,000 × g for 15 min at 4°C, and 

the resulting supernatant was saved for protein analysis. Protein concentrations were 

determined by the Bradford method (Bradford 1976), with bovine serum albumin as a standard. 

Precast 12% (wt/vol) Mini-PROTEAN TGX gels (Bio-Rad, Hercules, CA) were used to separate 

cellular proteins. Protein extracts were loaded onto the gels at 60 μg per lane in denaturing 

Laemmli loading buffer (Laemmli 1970). Gels were run for 90 min at 100 V at RT in Tris-glycine 

SDS buffer consisting of 25 mM Tris (pH 8.3), 0.2 M glycine, and 3.5 mM SDS on the Mini-

Protean system (Bio-Rad). Protein transfer onto a polyvinylidene difluoride membrane 

(Millipore, Billerica, MA) was performed overnight at 150 mA at 4°C in transfer buffer containing 

25 mM Tris (pH 8.3), 192 mM glycine, and 20% (vol/vol) methanol. After transfer, membranes 

were washed briefly with Tris-buffered saline (20 mM Tris and 150 mM NaCl [pH 7.5]) with 0.2% 

(vol/vol) Tween 20 (TBST). Membranes were then blocked for 1 h in TBST plus 5% (vol/vol) goat 

serum (MP Biomedicals, Santa Ana, CA) at RT. After blocking, membranes were incubated with 

primary rabbit anti-HgcA at a dilution of 1:5,000 in TBST plus 5% (vol/vol) goat serum for 1 h at 

RT. Membranes were then washed 3 times for 5 min each in TBST and subsequently incubated 

for 1 h at RT with secondary goat anti-rabbit IgG-horseradish peroxidase (Sigma)-conjugated 

antibody at a 1:3,000 dilution in TBST plus 5% (vol/vol) goat serum. After secondary antibody 

incubation, membranes were washed three times for 5 min each in TBST. Chemiluminescence 

detection was performed with the Pierce ECL Western blotting substrate (Thermo Scientific, 

Rockford, IL) according to the manufacturer's instructions. Membranes were exposed to X-ray 
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film (Thermo Scientific) for 3 to 45 s and developed in an X-ray film processor (SRX-101A; Kinoca 

Minolta, China). Denatured protein migration positions were compared to protein standards 

(Bio-Rad) to determine molecular weights. JWN1001, the ΔhgcAB strain, served as a negative 

control for HgcA protein expression.” (Smith, Bridou et al. 2015) 

Section 3.3  Results 

With the identification of HgcA and HgcB as two proteins needed for Hg methylation, 

the mechanism suggested to transfer the methyl group presented some novel considerations.  

HgcA corrinoid protein was hypothesized to interact with the cobalamin cofactor at the cap 

helix.  Cysteine 93 of the HgcA cap helix was thought to be coordinating with the Co of the 

cobalamin cofactor to facilitate the Hg methylation reaction.  We tested this hypothesis with 

site-directed mutations of Cys93 and the cap helix region.  Mutations were made altering the 

chemistry of the side chains in the region with alanine substitutions.  Mutations were also 

created to disrupt the orientation or the helix by substituting helix altering prolines at key 

residues.  Through these mutations of the cap helix of HgcA we were trying to determine if the 

predicted, essential role of Cys93 as a ligand to the Co of the cofactor could be confirmed 

through the elimination of methylation by mutation of the cysteine.  We also asked whether the 

chemistry of the side chains or the structure of the cap helix itself was integral to the reaction.  

Theoretical calculations have previously found the possibility of the Co of a corrinoid cofactor 

interacting with cysteine of HgcA to facilitate a methyl transfer (Zhou, Riccardi et al. 2014). 

 Our first step was to mutate the critical Cys93 at the center of the cap helix.  Cys93 was 

changed to either a threonine, alanine, or histidine.  When Cys93 of HgcA was changed to either 

threonine or alanine the ability of the mutated ND132 to methylate Hg was ablated (Fig 3.6; 
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Table 3.3). When Cys93 was replaced with histidine, the ability of the cells to form CH3Hg+ 

diminished to only 5% of wild-type levels.  When Trp92, the hydrophobic residue directly 

upstream of Cys93, was changed to Ala92 or Phe92 CH3Hg+ production dropped to 21% of wild-

type and 5% of wild-type, respectively (Fig 3.6; Table 3.3).    

 Our next approach to understand the nature of the interactions taking place with the 

cap helix was to systematically mutate residues in the helix and residues adjacent to the helix to 

alanine to explore the importance of the side chain chemistry (Morrison and Weiss 2001).  As 

stated above Ala94 and Ala95 are present in wild-type HgcND132, therefore these amino acids 

were changes to Ser94 and Ser95, respectively.  Other than alanine substitutions at amino acid 

Trp92 and Cys93, none of the alanine mutations or the serine mutations had an effect on the 

ability of ND132 to methylate Hg (Fig 3.6; Table 3.3). 

 From a threading experiment of the HgcA sequence with the crystal structure of the 

CfsA corrinoid binding region of the CFeSP of C. hydrogenoformans (Parks, Johs et al. 2013) one 

would predict that the helix would be essential for maintaining Co(I) in the reduced form and 

possibly be involved in the catalytic function of the corrinoid.  In order to determine if disrupting 

the helical structure of the cap helix could inhibit a potential interaction with the corrinoid 

cofactor selected residues in the cap helix were changed to prolines, proven to disrupt helical 

structure (von Heijne 1991, Nilsson, Saaf et al. 1998).  Amino acids Asn90, Val91, Trp92, Ala94, 

Ala95, and Gly98 were all separately changed to proline.  All of these mutations resulted in Hg 

methylation levels lower than wild-type (Fig 3.6; Table 3.3) ranging from undetectable to 30% 

reduction of CH3Hg+ production. 
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Figure 3.6. CH3Hg+ results for HgcA and HgcB point mutants. 

 

Figure 3.6.  Data from the point mutants in and around the cap helix (NVWCAAGKC highlighted 

in red at the top of the figure) of HgcA.  The grey box on the left shows the mutant name, the 

amino acid codon changed, and the resulting amino acid in the mutated HgcA that was tested.  

The vertical grey box on the far right presents the percentage of methylation capacity of the 

mutants compared to wild-type ND132 (100% ; 78.1+/- 25.1 pmol CH3Hg+/mg protein).  The 

amino acid residue boxed in color represents the mutation present in that particular strain.  The 

colors reflect the magnitude of the change in methylation capacity.  Red = no methylation; 

yellow = 5% – 30% of wild-type ND132; green = no decrease from wild-type.  From Smith et al. 

(Smith, Bridou et al. 2015) with permission from Appl Environ Microbiol. 
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Table 3.3. CH3Hg+production by HgcA and HgcB point mutants. 

Table 3.3. Hg methylation potentials determined from experiments performed with mutant 

strains of D. desulfuricans ND132.  Standard deviation of triplicate methylation assays is 

displayed for each value.  DL is the detection limit of the instrument (45+/-20 fmol CH3Hg+/ml).  

From Smith et al. (Smith, Bridou et al. 2015) with permission from Appl Environ Micribiol.  
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As shown above HgcA has two distinct domains, a soluble domain in the N-terminal half, and a 

transmembrane domain in the C-terminal region.  To determine if the C-terminal 

transmembrane domain of HgcA was important, we removed it with two strategies.  When HgcA 

was truncated, either by deleting the coding sequence of the C-terminal region or mutating 

codon 187 from GAA to TAA stop, CH3Hg+ levels became undetectable (Table 3.3).  This is 

suggestive that the C-terminal of HgcA is involved in the Hg methylation reaction; however 

expression of the truncated soluble N-terminal domain could not be verified by western blot 

(Figure 3.7).   

 Western blot performed in an attempt to detect protein expression of HgcA truncated 

by deleting the C-terminal domain after amino acid 166 failed to detect the truncated form of 

the protein (Fig 3.6).  RT-PCR was not performed to look for mRNA expression.   
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Figure 3.7. Western blot for HgcA in ND132 and truncated HgcA strain. 

 

Figure 3.7. “Western blot showing the expression of the full-length ∼40 kD HgcA protein from 

wild-type strain ND132 (lane 1) and the lack of detection of truncated HgcA (expected 167-aa 

protein of 18.4 kD) (lane 3). Lane 2 is JWN1001, the ΔhgcAB strain used as a negative control. 

Note the nonspecific band above HgcA in all three samples showing equal loading of protein.”  

Total cellular protein per lane was 60 µg  (Smith, Bridou et al. 2015).  With permission from Appl 

Environ Microbiol. 
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To probe the function of the vicinal cysteines of HgcB, we mutated these either 

separately or together to alanine and assayed for CH3Hg+.  When either Cys94 or Cys95 was 

mutated to alanine there was no effect on the formation of CH3Hg+ (Table 3.3).  When both 

cysteines were mutated to alanine in the same protein, CH3Hg+ production decreased to only 5% 

of wild-type (Table 3.3). The third cysteine of HgcB (Cys73), not part of an [4Fe-4S] center, was 

also changed to an alanine.  When this mutation was present the Hg methylation levels were 

undetectable (Table 3.3).  These results are suggestive that the cysteines are involved in the 

methylation reaction in some capacity, whether involved with the binding and movement of Hg, 

acting as conformational switches to orient the protein, or in the movement of electrons 

remains to be discovered.   

Section 3.4  Discussion 

We had set out to determine if, by mutating key amino acids in HgcA and HgcB and 

observing the resulting effects on the ability of the cells to form CH3Hg+, we could determine the 

importance of those regions of the proteins in the Hg methylation reaction.  If residues of the 

proteins predicted to play needed roles in the methylation process affected that capacity, this 

result could support the theories of their function.  The absolute structure of HgcA has not been 

solved yet, but based on threading experiments with CFeSP the cap helix is exposed and could 

be available for interaction with the cobalamin cofactor (Parks, Johs et al. 2013). 

The data show that Cys93 in the cap helix of HcgA is indeed a critical residue for the Hg 

methylation reaction to take place.  When Cys93 is substituted with Ala93 CH3Hg+ formation 

became undetectable.  When Cys93 was replaced with Thr93 CH3Hg+ production was also 

reduced to non-detectable levels.  These data directly support the necessity of this key cysteine 
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for the coordination to the cobalamin cofactor and its role in the methylation reaction.  

Theoretical calculations had suggested that a histidine residue in place of Cys93 may retain 

limited ability to coordinate with the cofactor (Zhou, Riccardi et al. 2014), and upon substitution 

of Cys93 with His93 we indeed saw CH3Hg+ production, albeit greatly reduced from wild-type 

levels.    

The data show that the alanine substitutions designed to alter side chain chemistry 

(Morrison and Weiss 2001) throughout the cap helix region, other than Cys93 and Trp92, had no 

noticeable effect on the ability of ND132 to methylate Hg.  The lack of disruption of Hg 

methylation with the alanine scanning suggests that the side chain chemistry of the surrounding 

amino acids of the cap helix are not an integral part of the methylation reaction.  

On the other hand, the proline substitutions within the cap helix, designed to disrupt 

helical structure (von Heijne 1991, Nilsson, Saaf et al. 1998), greatly reduced the capacity of the 

mutants to methylate Hg.  These results support the conclusion that the helical structure of the 

cap helix region is more important than the side chain chemistry. Cap helix interactions with 

cobalamin cofactors have been described in other systems.  The helical structure has been 

shown to be important in orienting the highly motile dimethylbenzimidazole (DMB) ligand of the 

cofactor and properly position the cobalamin for participation in reactions (Drennan, Huang et 

al. 1994, Ludwig and and Matthews 1997).  The proposed positioning of the cobalamin cofactor 

liganding with Cys93 of the cap helix of HgcA is shown in Figure 4.3 in the following chapter. 

An interesting phenomenon in the CH3Hg+ data for the mutants located in and adjacent 

to the cap helix sequence is the apparent increase in methylation conveyed by a small number 

of amino acid substitutions in the region.  Ala94, when changed to Ser94, results in 178 +/-24. 3 
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% of wild-type production of CH3Hg+ (Figure 3.6 Table 3.3).  A serine residue at this site, adjacent 

to the critical Cys93, may make the proposed corrinoid – cap helix interaction more favorable.  

Gly98, when changed to Ala98, let to an increase of CH3Hg+ to 151 +/- 9.8 % (Figure 3.6, Table 

3.3) and Tyr101 changed to Ala101 led to an increase in CH3Hg+ of 205 +/- 24.3 % over wild-type 

ND132.  Both of these substitutions would favor helical structure over wild-type HgcA.   Glycine, 

lacking any side-chain, is extremely unfavorable for helix formation and an alanine substitution 

for a glycine increases favorability for helical structure dramatically (Chakrabartty, Schellman et 

al. 1991).  Tyrosine, with a large hydrophilic side-chain, is also less favorable for helical structure 

than alanine.  The increase in CH3Hg+ formation in the context of these two mutants (Gly-Ala98 

and Tyr-Ala101) might be explained by increasing the stability and length of the cap helix region 

that interacts with the corrinoid protein by increasing its helical properties.  

Glu312 is in a helical stretch of HgcA that is predicted to be located between two 

transmembrane helices, outside of the membrane in the periplasm.  This residue was targeted 

for mutation as, other than amino acids in the cap helix region, it is one of the most highly 

conserved residues in the HgcA orthologs.  There was a significant increase in CH3Hg+ production 

(205 +/- 24.3 % over wild type) when an Ala312 was substituted in place of Glu312.  We did not 

pursue this mutant any further in these studies.  If the topological prediction of the protein is 

correct and Glu312 does reside outside of the cell it may be interesting to study this region of 

HgcA in the future to determine any functional role that may be played by this amino acid. 

When we truncated the C-terminal transmembrane domain of HgcA, by either deletion 

of the coding region or insertion of a STOP codon upstream of the C- terminal domain we 

observed a loss of the ability of the mutants to form CH3Hg+.  The loss of methylation in the 

context of these truncated HgcA proteins might be interpreted as a requirement for the C-
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terminus region of the protein for activity.  It is tempting to speculate that the transmembrane 

domain may provide an anchor to limit movement of HgcA and sequester the protein to the 

membrane for the reaction to occur.  The transmembrane domain may also provide a Hg 

transport function, moving Hg species either into or out of the cell, although no similarity 

between the transmembrane domain and any known functional transport domains could be 

found upon BLAST searches. 

However, the results removing the C-terminal transmembrane domain need to be 

critically analyzed.  Figure 3.8 depicts the HgcA amino acid sequence with regions of interest 

discussed here highlighted.  Previous, unpublished data from our lab has shown a possible 

transcriptional start site (TSS) for HgcB located 144 bp upstream of the ATG start codon of hgcB 

and 130 bp upstream from the end of hgcA, therefore inside the C-terminal region of hgcA.  We 

tried to avoid altering the TSS and possible promoter region by inserting a STOP codon upstream 

of the region likely to contain regulatory sequence as an alternative to deleting the region.  We 

are still uncertain of whether or not the HgcB protein is expressed in this context.  We also were 

unable to detect by western blot N-terminal HgcA protein expression in the mutant lacking the 

C-terminal coding region.  The truncated HgcA may therefore be unstable and quickly degraded 

by the cellular machinery. 

To probe key regions of HgcB possibly needed for the methylation reaction, we mutated 

the vicinal cysteines at the C-terminal end of the ferredoxin-like protein.  We also mutated 

Cys73, the third cysteine of HgcB, not a part of an [4Fe-4S] center and separated from the vicinal 

cysteines.  When substituted with alanine one at a time the vicinal cysteines of HgcB, Cys95 and 

Cys96 were shown to be able to function in whatever role they provide for the methylation 

reaction; there was no reduction in CH3Hg+ production.  However, when both Cys95 and Cys96 
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of HgcB were changed to alanine in the same protein, CH3Hg+ production was reduced to 5% of 

that produced by wild-type ND132.  This supports a role for one of the two cysteines in the 

methylation reaction, although that role is not yet clear.  Vicinal cysteines have been show to 

bind metals (DeSilva, Veglia et al. 2002, Carugo, Cemazar et al. 2003), but they have also been 

shown to act as redox sensitive switches, with the bond between the two cysteines changing 

length depending on redox status, and therefore changing conformation of the protein (Carugo, 

Cemazar et al. 2003, Hogg 2003, Wouters, George et al. 2007) and perhaps altering protein 

function.  However, since only one of the two vicinal cysteines is needed, any possibility of these 

cysteines acting as a redox switch is not essential for the Hg methylation reaction to progress.  

Knowing that a role in metal chelation or redox reactions requires two cysteines, we then 

looked for a third cysteine in HgcB that might be conserved and not in an iron-sulfur center. 

Interestingly, Cys73 of HgcB also appears to be important for the Hg methylation 

reaction.  When Ala73 is substituted for Cys73, CH3Hg+ levels became undetectable.  This 

cysteine may be acting in concert with one of the vicinal cysteines in a way similar to the 

cysteines in  the MerB protein that act together to facilitate placement of Hg for the reaction 

(Lafrance-Vanasse, Lefebvre et al. 2009).  Alternatively, electrons might be delivered to the 

2[4Fe-4S] centers through dithiol redox reactions, providing reductant for the catalyzed 

donation of a carbanion methyl to Hg.   

All identified HgcB proteins have vicinal cysteines at their C-terminus, and a cysteine 

analogous to Cys73 upstream, with the notable exception of Dethiobacter alkaliphilus.  With the 

evidence that these cysteines are functionally important for the Hg methylation reaction in 

ND132 and their presence in all other Hg methylating bacteria known to date, we thought of 

possible explanations for their absence in Dt. alkaliphilus, also a known Hg methylator.  Upon  
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Figure 3.8. HgcA amino acid sequence showing key regions discussed in Chapter 3. 

 

 

 

 

 

Figure 3.8.  Amino acid sequence of HgcA.  The soluble portion of the protein is depicted in 

green while the transmembrane region is depicted in red.  The boxed stretches of sequences are 

as follows: (1), peptide sequence used to develop the anti-HgcA antibody; (2), cap helix 

containing Cys93; (3), amino acid 166 site of HgcA truncation; (4), Glu187 that was mutated to 

STOP codon to avoid deleting 5’ TSS of HgcB; (5), region of transcription start site (TSS) of HgcB. 
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inspection of HgcA of Dt. alkaliphilus it was discovered that there is an insertion of 29 amino 

acids in the soluble N-terminal region upstream of the cap helix that contains two pairs of vicinal 

cysteines (Figure 3.9).  It is tempting to speculate that these inserted vicinal cysteines in 

HgcADt.thio play the role of the missing cysteines of HgcBDt.Thio, but this has not been confirmed.  

The presence of the inserted vicinal cysteines and the ability of Dt. alkaliphilus to methylate Hg 

does leave open the possibility that this is indeed the case.   It would be interesting to 

determine if HgcA of Dt. alkaliphilus , when heterologously expressed in the ND132 ΔhgcAhgcB 

double deletion strain leads to Hg methylation.  If so, this would suggest that the inserted 

sequence containing cysteines might provide the function of HgcB in the Hg methylation 

reaction. 

Within these experiments we have shown the importance of the Cys93 residue in the 

cap helix of HgcA possibly acting to coordinate with the Co of the cobalamin cofactor.  From my 

data, we have shown that the structure of the cap helix region is more important for 

methylation activity than is the chemistry dictated by the side chains in the cap helix.   Key 

cysteines outside of the [4Fe-4s] centers of HgcB have been identified and shown to be integral 

to the Hg methylation reaction.  An HgcB protein from a known methylator without these key 

cysteines in HgcB was identified along with perhaps a compensatory insertion of cysteines into 

HgcADt.alk of that species that might perform the function of the missing cysteines of HgcBDt. alk. 
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Fig 3.9. Alignments of HgcB and HgcA of ND132 and Dt. alkaliphilus 

A. 

 

B. 
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Figure 3.9 legend 

 

Figure 3.9.  Alignments of HgcB and HgcA of D. desulfuricans ND132 to those proteins of Dt. 

alkaliphilus. Strictly conserved amino acids are in black, while chemically similar amino acids are 

in gray. (A) Alignment of HgcB proteins of ND132 and Dt. alkaliphilus showing the locations of 

Cys73 and the vicinal cysteines (red), illustrating the truncation at Gly71 (which would be Gly72 

in ND132) and the lack of Cys73 and the vicinal cysteines in Dt. alkaliphilus. The cysteines of the 

two 4Fe-4S clusters (CX2CX2CX3C) are shown in yellow. (B) Alignment of the full-length HgcA 

proteins of ND132 and Dt. alkaliphilus showing the 29-amino-acid insert in Dt. alkaliphilus 84 

amino acids located 5’ of the cap helix (green) and the two pairs of vicinal cysteines (red) in the 

insert (Smith, Bridou et al. 2015).  With permission from Appl Environ Microbiol. 
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Chapter 4 

Section 4.1 Introduction  

Our previous findings have shown that HgcA and HgcB are necessary for methylation of 

Hg in ND132.  The data also show that the cap helix region of HgcA and the Cys93 therein, 

thought to coordinate with the Co of the cobalamin, are necessary residues in the Hg 

methylation process.  The evidence for a Hg methylation pathway involving the corrinoid protein 

HgcA and the ferredoxin-like HgcB (Figure 2.11) acting in concert with a cobalamin cofactor is 

now becoming clear.    We next turned our attention to the two pathways that converge at the 

point of HgcA and HgcB action; the source of the methyl group that ends up in CH3Hg+, and the 

assembly of the cobalamin cofactor that interacts with HgcA. 

4.1.1 MetH and other methyltransferases 

Up to this point, we have not yet probed possible upstream methyl donors to the 

reaction.  As Bartha had originally attempted (Choi, Chase et al. 1994, Choi, Chase et al. 1994) 

we wanted to try to identify the origin of the methyl group.  With the experiments with labeled 

serine, pyruvate, or methyl-H4folate Bartha and co-workers had some intriguing evidence for the 

origin of the methyl of CH3Hg+.  We decided to employ our genetic system to target for deletion 

genes encoding enzymes in the upstream pathway that we predict might play a role in providing 

the methyl group to the Hg methylation reaction 

To that end, we first targeted a methyl-H4folate methyltransferase, DND132_2001, as a 

candidate donor of the methyl group for HgcA either directly (Figure 2.11), or within the C1 

pathway.  We were interested to see if deletion of this gene would lead to the lack of ability of 
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ND132 to produce CH3Hg+.  This gene is annotated as producing a 5-methyltetrahydrofolate-

homocysteine methyltransferase (KEGG annotation) and, therefore, was predicted to function 

as the methionine synthase (MetH) , converting homocysteine to methionine  (Weissbach and 

Brot 1991).  If this were the case, then there was a possibility that deletion of this gene might 

result in a strain that was also a methionine auxotroph. 

MetH is another enzyme that utilizes a cobalamin cofactor to assist in catalysis and 

transfer of a methyl group.  For this reason it was important for us also to consider the 

possibility of S-adenosylmethione (SAM) methyltransferase involvement in the Hg methylation 

reaction.  One of the functions of SAM methyltransferase is to play a role in the MetH cycle, 

regenerating inactivated MetH in a scavenger pathway that oxidizes the Co(I) of the MetH 

cofactor to Co(III) needed for continuation of the methionine synthesis cycle (Drennan, 

Matthews et al. 1994, Matthews 2001). 

For our purposes, we were interested in a particular SAM methyltransferase, the 

DND132_1042 SAM methyltransferase enzyme, the homolog of which is located between hgcA 

and hgcB in the genome of Desulfovibrio africanus Walvis Bay (Figure 2.3); one of the few 

instances of the genome of a Hg methylating bacterium with an intervening gene between the 

hgc genes.  We were not sure of the possible involvement of this protein in the Hg methylation 

reaction, but the curious location between hgcA and hgcB in D. africanus led us to also delete 

the SAM methyltransferase homolog in ND132. 

Other deletions in the upstream carbon-flow pathway that were chosen for further 

study are depicted in Figure 4.1.  Biochemically upstream of the methyl-H4folate is methylene-

H4folate reductase that converts 5,10 methylene H4folate to 5-methyl-H4folate.  There are two 
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genes in ND132 annotated to perform this function; DND132_0716 and DND132_1224 (Figure 

4.1), and both of these genes were targeted separately for deletion.  As of yet we have no 

procedure for making markerless, in-frame deletions in ND132 and therefore have not been 

able to attempt multiple gene deletions in the same strain. 

One source of 5, 10 methylene-H4folate is serine hydroxymethyltransferase annotated 

as the product of DND132_1653 (Figure 4.1) .  This gene too was targeted for removal. 

There are three genes encoding glycine cleavage system components annotated in 

ND132; enzymes that also produce 5,10 methylene-H4folate.  Two of these three enzymes,   

DND132_0027 and DND132_0442 (Figure 4.1) were also separately targeted for removal. 

The last of the deletions within this attempt to find the source of the methyl group in 

CH3Hg+ targeted carbon-monoxide dehydrogenase (CooS).  There are two subunits of CooS, the 

genes for which are annotated in ND132, that catalyze the reaction from CO2 to CO; 

DND132_0487 and DND132_2520.  DND132_0487 is annotated as producing an FeS subunit of 

CooS and DND132_2520 which is annotated as encoding a catalytic subunit of CooS.  These two 

genes were targeted for deletion. 

Of note, one group investigating the differences in biofilm cultures of D. desulfuricans 

strains M8 and ND132 found that biofilm cultures have Hg methylation rates two- fold higher 

than that of planktonic cultures (Lin, Kampalath et al. 2013) .   These authors also showed mRNA 

expression from a cooS gene (DND132_2520) elevated in biofilm compared to planktonic 

cultures.  The cooS expression was quantified by RT-qPCR and showed, after normalization, a 

two-fold increase in mRNA expression levels in biofilm above planktonic when the cells were 
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Figure 4.1 Genes targeted for deletion biochemically upstream of HgcA 

 

 

 

Figure 4.1  Genes encoding enzymes biochemically upstream of HgcA and HgcB (lower right) 

targeted for genetic deletion in ND132.  All deletions shown were in the context of a single gene 

deletion.  Pink boxes highlight genes targeted for deletion.  Text in red denotes a decrease in 

CH3Hg+ production in the context of the deletion.  Green text denotes no change in CH3Hg+ 

production.  Genes in black text all showed no change in methylation, but have yet to be verified 

by Southern blot analysis.  

MetH 

CooS 
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treated with Hg.  The authors interpreted this to suggest that the cooS gene product of the 

acetyl-CoA pathway may be involved in CH3Hg+ formation by SRB.   

For this reason, along with our previously stated interest in enzymes of the acetyl-CoA 

pathway contributing to the Hg methylation, we targeted the two genes encoding CooS subunits 

for deletion in ND132 to determine the impact on the ability of ND132 cells to methylate Hg. 

The last methyltransferases we have targeted for deletion are chemotaxis receptor 

(CheR) methyltransferases.  Upon cellular interaction with certain external stimuli CheR 

methyltransferases act by transferring methyl groups to modify proteins that then act as 

signaling molecules to influence processes in other parts of the cell (Djordjevic and Stock 1998).  

One group has suggested the involvement of CheR methyltransferases (Truong, Chen et al. 

2014) in the Hg methylation process.  Looking into the effects of selenium on changes in the 

proteome during Hg methylation in Desulfovibrio desulfuricans (strain not specified) (Truong, 

Chen et al. 2014),  noted that the expression of Dde_1198 (interestingly the authors used an 

annotation from Desulfovibrio alaskensis G20 , a bacterium that does not methylate Hg), 

annotated as a protein-glutamate O-methyltransferase in D. alaskensis, was completely 

suppressed in cells exposed to 0.5 µM Hg and 6.3 µM selenium compared to control cells 

without the two metals.  These experiments were performed with 2-D gel comparisons with 

very poor quality gels.  The protein-glutamate O-methyltransferase encoding gene is annotated 

as a CheR methyltransferase in DND132_2120 in ND132.  There are also two other CheR 

methyltransferases, annotated in ND132 as DND123_0216 and DND132_1881, so these were 

targeted for deletion as well.   

 



94 
 
 

4.1.2  Cofactor assembly 

Contributing to the reaction from a different perspective, the structure of the cobalamin 

cofactor would be important for proper orientation of the corrin ring and therefore interaction 

with the cap helix of HgcA.  The composition of the lower ligand of the cobalamin cofactor in the 

Hg methylation reaction and in ND132 overall is currently unknown.  However, it has been 

shown in Dehalococcoides mccartyi that the structure of the lower ligand can confer specificity 

to a reaction (Yi, Seth et al. 2012, Hazra, Han et al. 2015, Yan, Simsir et al. 2015).  The assembly 

of the cobalamin cofactor is a multistep process (Hazra, Han et al. 2015).  One of the last steps 

of the cofactor assembly before attachment of the diamidobenzimidazole (DMB) nucleotide 

base to the corrin ring is attachment of the nucleotide base to the DMB by DMB 

phosphoribosyltransferase creating the lower ligand (Hazra, Han et al. 2015)  (Figure 4.2).  The 

structure of the lower ligand is important as the DMB base inserts into the DMB binding pocket 

of its protein partner, in this case HgcA (Figure 4.3), and ensures proper orientation necessary to 

align the corrin ring of the cofactor and position the Co of the ring to coordinate with Cys93 of 

HgcA.  CobT is the enzyme that catalyzes the reaction attaching the nucleotide base to the DMB, 

thereby forming the lower ligand. 
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Figure 4.2. Methylcobalamin structure 

 

 

Figure 4.2. Methyl (X) cobalamin showing the corrin ring with the Co in the center.  The DMB 

nucleotide base lower ligand has been highlighted in yellow.  The CobT enzyme catalyzes the  

activation of the lower ligand for incorporation into cobamides (Hazra, Tran et al. 2013). 
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Figure 4.3. Soluble domain of HgcA interaction with corrinoid. 

 

 

Figure 4.3. A. Ribbon diagram of the soluble N-terminal domain of HgcA showing the proposed 

cap helix interaction with the corrinoid cofactor (boxed).  The Co of the cofactor is depicted in 

pink and the cap helix cysteine it interacts with is in yellow.  Note the insertion of the lower 

ligand DMB of the cofactor (in a “base-off” conformation) into the DMB binding pocket of the 

soluble domain. B. Close up view of the proposed cobalamin Cys93 interaction facilitating the 

CH3Hg+ reaction.  

 

A. B.
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DND132_1697 (nicotinate-nucleotide-dimethylbenzimidazole phosphoribosyltransferase) CobT 

is annotated to play this role in ND132.  This gene was targeted for deletion in order to 

determine if disrupting assembly of the lower ligand of the cofactor would have any impact on 

the ability of ND132 to methylate Hg. 

Section 4.2 Materials and Methods 

4.2.1 Molecular manipulations  

Molecular manipulations were performed as described in previous chapters.  Primers 

and plasmids are listed in Table 4.1.  As before, plasmids for marker replacement deletions were 

sequenced on both strands prior to electroporation into ND132.  Some of the ND132 genomic 

deletions were verified by Southern blot as described previously, or by positive PCR 

amplification of the marker replacement antibiotic resistance cassette and negative PCR 

amplification of the gene targeted for deletion.   

4.2.2  Hg(II) exposure for CH3Hg+ assay 

Hg exposure was performed as previously described here, in MOYPF medium to limit 

sulfide accumulation in the growth medium.  CH3Hg+ detection was again by EPA method 1630 

with the MerX system from Brooks Rand Labs (Seattle, WA). 

4.2.3  Methionine auxotrophy 

Wild-type ND132 and JWN1032, the metH deletion strain were grown in standard 

conditions as described in cell culture methods of Chapter 2, only in these experiments the 

removal of the supplemental yeast extract from the medium resulted in defined medium.  Cells 

were grown in defined medium lacking methionine to determine if ΔmetH strain was a  
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Table 4.1. Primers and plasmids used for experiments described in Chapter 4. 

Primer name Sequence Purpose Resulting 
plasmid 

0442 UpF pUC 
ovhg 

GGC CTT TTG CTG GCC TTT TGC TCA 
CAT ATC ATC GAG GGC ATG AAC ATC 
ATC CA 

Amplify 0442 
upstream 

JWN1019p 

0442 UpRev Spec 
ovhg 
 

TGG ACC AGT TGC GTG AGC GCA TAC 
GTG TAT GCT CCT TGC GGT ATT GCT 
ATT 

Amplify 0442 
upstream 

JWN1019p 

0442 DnF Spec 
ovhg 
 

GAGATCACCAAGGTAGTCGGC 
AAATAACCCGCTTCACCAGACGAC 
CAACCGCAA 

Amplify 0442 
downstream 

JWN1019p 

0442 DnRev Amp 
ovhg 
 

TAT ATA CTT TAG ATT GAT TTA AAA 
CTT CAG CCG CAC GGA GCC ATT GAT 
TTC CTT 

Amplify 0442 
downstream 

JWN1019p 

0027 UpF pUC 
ovhg 
 

GGC CTT TTG CTG GCC TTT TGC TCA 
CAT ATG ATG ATG ACC TGC CCC AAC 
ACG CT 

Amplify 0027 
upstream 

JWN1018p 

0027 UpR Spec 
ovhg 
 

TGG ACC AGT TGC GTG AGC GCA TAC 
GTC AAA GGT CAT CGG TCA GCT CCA 
TGG 

Amplify 0027 
upstream 

JWN1018p 

0027 DnF Spec 
ovhg 
 

GAG ATC ACC AAG GTA GTC GGC AAA 
TAA ATG ATC CTG GAC GTC CTC GAC 
AAC G 

Amplify 0027 
downstream 

JWN1018p 

0027 DnRev Amp 
ovhg 
 

TAT ATA CTT TAG ATT GAT TTA AAA 
CTT CAG CTT GTT CTC GTA GTG GCT 
CAC TTG GT 

Amplify 0027 
downstream 

JWN1018p 

1224 upF pUC 
ovhg 
 

GGC CTT TTG CTG GCC TTT TGC TCA 
CAT | GAA ATC CGG GTG GAC CGC ATC 
CT 

Amplify 1224 
upstream 

JWN1022p 

1224 upRev Spec 
ovhg 
 

TGG ACC AGT TGC GTG AGC GCA TAC 
G | GGT CTG TCC TTT CTT CCG GCG AT 

Amplify 1224 
upstream 

JWN1022p 

1224 DnF Spec 
ovhg 
 

GAG ATC ACC AAG GTA GTC GGC AAA 
TAA |  GCT GAA AGG CGC GCC CCG 
GCG AAT   

Amplify 1224 
downstream 

JWN1022p 

1224 DnRev Amp 
ovhg 
 

TAT ATA CTT TAG ATT GAT TTA AAA 
CTT C | TT GAA CAG GCG GGC CTC CAT 
GA 

Amplify 1224 
downstream 

JWN1022p 

0716 upF pUC 
ovhg 
 

GGC CTT TTG CTG GCC TTT TGC TCA 
CAT AAG ATG AAC GAT CCC GCC ACC 
TA 

Amplify 0716 
upstream 

JWN1021p 

0716 upRev Spec 
ovhg 
 

TGG ACC AGT TGC GTG AGC GCA TAC 
G | AGC AGA CTC CTT CAA CAA TCA 
CTT 

Amplify 0716 
upstream 

JWN1021p 
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0716 DnF Spec 
ovhg 
 

GAG ATC ACC AAG GTA GTC GGC AAA 
TAA |TC TTT GGG GGT AAG GAA AAT 
GAG CAA 

Amplify 0716 
downstream 

JWN1021p 

0716 DnR Amp 
ovhg 
 

TAT ATA CTT TAG ATT GAT TTA AAA 
CTT C ATG ATC TTG ACG GTC TCG TTG 
A 

Amplify 0716 
downstream 

JWN1021p 

1653 UpF pUC 
ovhg 
 

GGC CTT TTG CTG GCC TTT TGC TCA 
CAT  ACA TCA AGA TCT GCG CCA ACA 
AGT 

Amplify 1653 
upstream 

JWN1025p 

1653 UpRev Spec 
ovhg 
 

TGG ACC AGT TGC GTG AGC GCA TAC 
G  GGT GAT ATC CTC GTT GAG TAA 
AAT 

Amplify 1653 
upstream 

JWN1025p 

1653 DnF spec 
ovhg 
 

GAG ATC ACC AAG GTA GTC GGC AAA 
TAA   ATC GCG TCC CAA CGC AAT GAC 
AA 

Amplify 1653 
downstream 

JWN1025p 

1653 DnRev amp 
ovhg 
 

TAT ATA CTT TAG ATT GAT TTA AAA 
CTT C   GAG ATC AAC GGA CAG ACC 
TTT GAA G 

Amplify 1653 
downstream 

JWN1025p 

2520 UpF with 
pUC ovhg 
 

GGC CTT TTG CTG GCC TTT TGC TCA 
CAT TGG TTC TGA TCC GGT CGA ACA 
CCT 

Amplify 2520 
upstream 

JWN1012p 

2520 Up-R with 
Spec ovhg 

TGG ACC AGT TGC GTG AGC GCA TAC 
G  GAT GTA CCT CCT ATC CCT TTT CGC 
CGG 

Amplify 2520 
upstream 

JWN1012p 

2520 Dn-F with 
Spec ovhg 

GAG ATC ACC AAG GTA GTC GGC AAA 
TAA  GGA ATG CCT CCG GCG GCC AGA 
GGG GAA A 

Amplify 2520 
downstream 

JWN1012p 

2520 Dn-R with 
Amp ovhg 

TAT ATA CTT TAG ATT GAT TTA AAA 
CTT C  ATG ACG ATA TGC GCC AGC 
AGC GCC T 

Amplify 2520 
downstream 

JWN1012p 

0487 Up-F with 
pUC ovhg 

GGC CTT TTG CTG GCC TTT TGC TCA 
CAT  CGC ACC ACG ACA TCT ACT CCA 
TCG AG 

Amplify 0487 
upstream 

JWN1013p 

0487 Up-R with 
Spec ovhg 

TGG ACC AGT TGC GTG AGC GCA TAC 
G  GAT GTC CTC CGT CTA GCG CCC 
GGC ATG 

Amplify 0487 
upstream 

JWN1013p 

0487 Dn-F with 
Spec ovhg 

GAG ATC ACC AAG GTA GTC GGC AAA 
TAA  GG AGC GAC CAT GAA ATA CGT 
CAT CAT  

Amplify 0487 
downstream 

JWN1013p 

0487 Dn-R with 
Amp ovhg 
 

TAT ATA CTT TAG ATT GAT TTA AAA 
CTT C  GGA CCA CGC CGA TGG CGA 
TGA CCA C 

Amplify 0487 
downstream 

JWN1013p 

2120 Up-F with 
pUC ovhg 

GGC CTT TTG CTG GCC TTT TGC TCA 
CAT CTT GAG CGG CGG TCC ATC TTC 
CAC 

Amplify 2120 
upstream 

JWN1006p 

2120 Up-R with TGG ACC AGT TGC GTG AGC GCA TAC Amplify 2120 JWN1006p 
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Spec ovhg G GGG CCG TTA TCC CAG CGT GAG 
CAT TAC T 

upstream 

2120 Dn-F with 
Spec ovhg 

GAG ATC ACC AAG GTA GTC GGC AAA 
TAA  GCC ATG AGC ATG AAA CGC TTG 
GAC GAA CT 

Amplify 2120 
downstream 

JWN1006p 

2120 Dn-R with 
Amp ovhg 

TAT ATA CTT TAG ATT GAT TTA AAA 
CTT C  GAT GCC GCA GGT GAT GGA 
GTG TCG CCA 

Amplify 2120 
downstream 

JWN1006p 

1881 Up-F with 
pUC ovhg 

GGC CTT TTG CTG GCC TTT TGC TCA 
CAT  ATC AAC CTG CTG GGC CGG CTG 
CAC TA 

Amplify 1881 
upstream 

JWN1005p 

1881 Up-R with 
Spec ovhg 

TGG ACC AGT TGC GTG AGC GCA TAC 
G  GTC TCG TGC GAC TCC ATA GGC 
TGC CG 

Amplify 1881 
upstream 

JWN1005p 

1881 Dn-F with 
Spec ovhg 

GAG ATC ACC AAG GTA GTC GGC AAA 
TAA  CCG CCC CCT CCG CCA CCC GGC 
CCG C 

Amplify 1881 
downstream 

JWN1005p 

1881 Dn-R with 
Amp ovhg 

TAT ATA CTT TAG ATT GAT TTA AAA 
CTT C  CAG GAC CAT TGG CCG CCT CCA 
GTT G 

Amplify 1881 
downstream 

JWN1005p 

D132_1697-dwF CCCAGCTGGCAATTCCGG TCC GAG TCC 
TAG GCG GTA CC 

CobT del pMO4730 

D132_1697-dwR CGAGGCATTTCTGTCCTGGCTGG CAA 
AGC CGC CGC CGA ACC 

CobT del pMO4730 

UpF 1697 UpF GCCTTTTGCTGGCCTTTTGCTCACAT 
GCAGCGTGGTCCATGAGCAGG 

CobT del pMO4730 

UpR !697 UpR CGAAAACACCACCAAGGAAGA 
CTCCCCTTACTTGGTGCCGAA 
TATCTTGTCG 

CobT del pMO4730 

2001 UpF GGCCTTTTGCTGGCCTTTTGCT 
CACATTAGGAGAACTTGATCC 
CCTTTTCCGGGTCGA 

metH del pMO4686 

2001 UpR CGCACGCCCGGATCTACGGAGG 
ATACCCGAGGTAGCTTGCAGTGG 
GCTTAC (rev comp) 

metH del pMO4686 

2001 DnF TCTGAGCGGGACTCTGGGGGCC 
GGGCTTCCGGCTGAAGTCGAGGA 

metH del pMO4686 

2001 DnR AAGTTTTAAATCAATCTAAAGTAT 
ATATGAGTAAACTTGGTCTGACAG 
(rev comp) 

metH del pMO4686 

Kan F CGCACGCCCGGATCTACGGAGGATACCC Amplify Kan 
cassette 

multiple 

Kan R TCTGAGCGGGACTCTGGGG (rev comp) Amplify Kan 
cassette 

multiple 

Spec F CGT ATG CGC TCA CGC AAC TGG TCC A Amplify Spec 
cassette 

multiple 
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Spec R TTA TTT GCC GAC TAC CTT GGT GAT 
CTC 

Amplify Spec 
cassette 

multiple 

 
Amp puc F    

 
GAA GTT TTA AAT CAA TCT AAA GTA 
TAT A 

 
Amplify pUC Ori 
and Amp 
cassette 

 
multiple 

pUC amp rev    ATG TGA GCA AAA GGC CAG CAA AAG 
GCC 

Amplify pUC Ori 
and Amp 
cassette 

multiple 
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methionine auxotroph.  Methionine (0.6 mM) was supplemented to the defined medium in 

attempts to rescue the auxotroph. 

Section 4.3  Results 

These experiments were conducted in attempts to find the source of the methyl group 

donated to CH3Hg+.  Also undertaken were experiments to determine if the lower ligand of the 

cobalamin cofactor was important for the methylation reaction. 

Deletion of H4folate methyltransferase DND132_2001 (ΔmetH) resulted in a decrease of 

CH3Hg+ production to 10 % of that of wild-type (Fig 4.4).  Deletion of the radical SAM protein 

DND132_1042 had no effect on Hg methylation (Fig 4.4). 

The ΔmetH strain proved to be a methionine auxotroph, with methionine limited 

conditions, showing no growth after three sub-cultures in defined MOLS4 medium, and positive 

growth in medium supplemented with methionine (Table 4.2) 

All other deletions, depicted in Table 4.3, in our attempt to find the upstream source of 

the methyl group of CH3Hg+ led to no significant change in the ability of the cells to produce 

CH3Hg+.  The deletion of the CheR methyltransferases also led to no change in the ability of the 

cells to methylate Hg (Table 4.3). 

The deletion of DND132_1697 (ΔcobT) resulted in CH3Hg+ production reduced to 

undetectable levels (Figure 4.5). 
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Figure 4.4. CH3Hg+ production in ND132 methyltransferase mutants 

 

 

 

Figure 4.4.  CH3Hg+ produced by deletion mutants of (A) metH (DND132_2001) or (B) a radical 

SAM enzyme (DND132_1042).  Y-axis values are CH3Hg+ levels expressed as ng / L of OD600nm cell 

culture.  Heat-killed ND132 and medium alone served as negative controls.  ND132 denotes 

wild-type ND132 cells. 
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Table 4.2. ΔmetH is a methionine auxotroph in ND132 

 

 strain  rich 
medium 

Defined medium (no methionine) 
sub-cultured 1:10 every 2 days 

 Starter 
culture 

Day 2 
OD600 

Day 4 
OD600 

Day 6 
OD600 

Day 8 
OD600 

Wild-type  ND132 0.700 0.786 +/- 
0.092 

0.991 +/- 
0.111 

0.793 +/- 
0.102 

1.034 +/- 
0.121 

ΔmetH 0.700 0.699 +/- 
0.037 

0.314 +/- 
0.053 

0.112 +/- 
0.090 

0.030 +/- 
0.030 

ΔmetH+methionine 0.700 0.750 +/- 
0.094 

0.894 +/- 
0.108 

0.672 +/- 
0.132 

0.903 +/- 
0.094 

 

Table 4.2. Methionine auxotrophy of ΔmetH in ND132.  Growth shown by OD600nm values.  Cells 

were started in rich medium and grown to OD600nm of 0.700 and then transferred to medium 

lacking methionine.  Cells were subcultured 1:10 every two days in methionine free medium.  

OD600nm was taken every two days prior to sub-culture.    
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Figure 4.5. CH3Hg+ production by the cobT deletion mutant 

 

 

Figure 4.5.  CH3Hg+ produced by deletion mutant of cobT (DND132_1697).  Y-axis values are 

CH3Hg+ levels expressed as ng /ml of OD600nm cell culture.  Heat-killed ND132 and medium alone 

served as negative controls.  ND132 denotes wild-type ND132 cells.  <MDL denotes below 

method detection limit (45 fmol CH3Hg+ / ml). 
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Table 4.3. Hg methylation in selected ND132 deletion mutants 

 

strain description CH3Hg+ % (of wild-type) verified 
Pathway mutants*    
JWN1012p ND132Δ DND132_2520     

cooS  catalytic subunit       
96.6 +/- 22.9 PCR 

JWN1013p ND132Δ DND132_0487 
cooS Fe-S subunit 

112.0 +/- 13.0 PCR 

JWN1021p ND132Δ DND132_0716 
Methylene THF- reductase 

100.1 +/- 26.9 no 

JWN1022p ND132Δ DND132_1224 
Methylene THF- reductase 

84.3 +/- 22.7 no 

JWN1018p ND132Δ DND132_0027 
Gly cleavage system 

73.6 +/- 12.4 no 

JWN1019p ND132Δ DND132_0442 
Gly cleavage system 

111.8 +/- 22.1 no 

JWN1025p ND132Δ DND132_1653 
Ser-OH methyltransferase 

110.5 +/- 14.2 no 

CheR mutants**    
JWN1004p ND132Δ DND132_0216 

CheR methyltransferase 
99.4 +/- 6.4 PCR 

JWN1005p ND132Δ DND132_1881 
CheR methyltransferase 

124.0 +/- 12.0 PCR 

JWN1006p ND132Δ DND132_2120 
CheR methyltransferase 

101.9 +/- 6.5 PCR 

 

Table 4.3.  CH3Hg+ production by selected ND132 mutants.  The top section of the table shows 

data from one experiment denoted ‘pathway mutants’.  The bottom section of the table is 

another set of experiments denoted ‘CheR mutants’. CH3Hg+ data are expressed as % of wild-

type ND132 controls.  *For the ‘pathway mutant’ experiments ND132 wild-type CH3Hg+ 

production was 1449 +/- 226.2 pg / ml of OD600 culture.  **For the ‘CheR mutant’ experiments 

ND132 wild-type CH3Hg+ production was 1027 +/- 189.0 pg / ml of OD600 culture. 
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Section 4.4  Discussion 

We set out to try to determine the flow of the methyl group that eventually ends up as 

the methyl of CH3Hg+.  Using the annotations available in KEGG we targeted a number of genes 

for deletion that were hypothesized perhaps to play a role in the upstream movement of the 

methyl group.  Experiments were also performed to determine if proper assembly of the lower 

ligand of the cobalamin cofactor by the CobT enzyme was necessary for functional Hg 

methylation. 

4.4.1 MetH and radical SAM 

MetH is a methionine synthase that forms methionine from homocysteine in a 

methyltransferase reaction.  Deletion of the metH gene led to a 90 % reduction in production of 

CH3Hg+.  This supports the theory that the HgcAB pathway receives most of the methyl group 

from this MetH enzyme either directly or indirectly.  The source of the other 10 % of the 

remaining CH3Hg+ remains to be determined.  Further experiments in the context of the ΔmetH 

mutant need to be performed to probe this question. 

One function of SAM methyltransferase is to regenerate MetH in the methionine 

synthesis cycle. There is a radical SAM enzyme annotated to be located in between hgcA and 

hgcB of D. africanus Walvis Bay (Fig 2.3).  Deletion of the gene for this radical SAM protein in 

ND132 did not alter CH3Hg+ production.  We interpret this result to mean that the radical SAM 

protein encoded by DND132_1042 plays no role in the Hg methylation reaction.  It is important 

to note here that the genome of ND132 has over thirty genes annotated to have gene products 

related to the SAM protein or with SAM methyltransferase activity (KEGG).  One or more of 

these SAM protein family members may have a role that has yet to be determined.  Future gene 
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fitness experiments planned in our laboratory may identify a candidate enzyme.  However, the 

presence of what appears to be a dedicated ferredoxin-like protein (HgcB) may be sufficient for 

the purpose of regenerating Co(I)-HgcA. 

4.4.2 Upstream pathway deletions 

Other pathway genes deleted (Fig 4.1) in the attempt to find the source of the methyl 

group showed no effect on the ability of ND132 to methylate Hg.  This is not surprising as many 

of the genes encoding the enzymes targeted have orthologs in the genome that might 

compensate for loss.  In order to precisely determine the carbon flow of the methyl group 

biochemically upstream of the HgcAB cycle all enzymes with the same function will need to be 

ablated from the same strain of ND132, thereby answering the question of function in 

methylation of Hg with no compensatory mechanisms to overcome a single enzyme removal.  

The generation of multiple mutations that eliminate one or more of the C1 pathway 

components would also be predicted to have additional impacts on purine metabolism and 

other methylation reactions important in the cell.  This alteration may then complicate the 

interpretation of changes in Hg methylation. 

Deletion mutants lacking either of two genes annotated as encoding CO dehydrogenase 

were unaffected in Hg methylation.  These deletions were undertaken singularly.  To rule out 

the acetyl-CoA pathway as having a role in the Hg methylation pathway these deletions need to 

be present in the same genome.  We were able to show that the deletion of DND132_2520, the 

cooS gene shown to be elevated in biofilm cultures where increased Hg methylation was 

measured (Lin, Kampalath et al. 2013), had no effect on the ability of ND132 to produce CH3Hg+.   
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4.4.3  CheR 

Chemotaxis receptor (CheR) methyltransferases are not generally thought to play a role 

in the Hg methylation pathway.  However, there is a report (Truong, Chen et al. 2014) of a CheR 

methyltransferase gene (DND132_2120) perhaps  being repressed by addition of selenium and 

Hg to cells.  In quite a leap, the authors hypothesized that the encoded CheR was somehow 

involved in the Hg methylation reaction.  For this reason all three of the CheR 

methyltransferases annotated (KEGG) in ND132 were targeted for deletion.  The single deletion 

of any of these genes showed no effect on the ability of ND132 to methylate Hg.  Once again, 

these genes were not deleted in the same genome, but the deletion mutant DND132_2120, the 

CheR methyltransferase predicted to be involved by Truong et al. showed no alteration in the 

ability to form CH3Hg+. 

4.4.4  CobT 

The CobT enzyme is known to be needed for proper assembly of the lower ligand of the 

corrinoid cofactor, and the proper lower ligand is critical in determining the specificity and rates 

of reactions in which the enzymes participates (Crofts, Seth et al. 2013, Hazra, Tran et al. 2013, 

Hazra, Han et al. 2015).  Deletion of the CobT gene in ND132 led to the loss of the ability to form 

CH3Hg+.  This is an important finding as it firmly establishes a corrinoid cofactor as playing a role 

in the Hg methylation reaction.  The essentiality of the presence of this lower ligand supports a 

role for this portion of the cofactor inserting into a binding pocket of HgcA (Fig 4.3) to properly 

orient the cofactor of HgcA as described earlier.  The medium used for growth of ND132 is 

supplemented with 7.5 µM vitamin B12.  The dependence of Hg methylation activity on the 



110 
 
 

presence of a functional CobT can be interpreted to mean that B12 is not the actual corrinoid 

interacting with HgcA. 

A related SRB, Desulfovibrio vulgaris Hildenborough has been shown to produce the 

novel guanylcobamide and hypoxanthylcobamide corrinoids (Guimarães, Weber et al. 1994) not 

seen in other organisms.  The exact nature of the corrinoid cofactor in ND132 remains to be 

determined, but preliminary experiments generously undertaken in collaboration with the 

group of M.Taga at the University of California-Berkeley have yielded intriguing results that 

suggest that ND132 may also be producing a novel corrinoid cofactor. 

It is important to point out that culture of the ΔcobT strain was also tested in vitamin B12 

limited conditions in attempts to establish whether or not this strain was auxotrophic for B12.  

We were not able to show vitamin B12 auxotrophy in this strain.  However, we also cannot 

establish that complete depletion of B12 occurred in these experiments.  We did not use acid 

washed glassware in the preparation of growth medium used to grow these cells.  

 Attempts were also made to supply the corrinoid to the ΔcobT strain by either co-

culture with wild-type ND132 or by culturing the ΔcobT strain in spent medium where wild-type 

ND132 cells had been cultured.  There have been other examples of similar cross-feeding 

experiments in the literature (Dirks 2014).  Our attempts at supplying the corrinoid to the cobT 

deletion strain failed to restore the ability of these cells to produce CH3Hg+.  One interpretation 

of these data could be that the corrinoid is not released by the wild-type cells or that it is not 

taken up by the ΔcobT strain.   Other experiments need to be performed to inform better on the 

movement of corrinoids in these cells.  One interesting work has previously shown that in 
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corrinoid cross-feeding attempts with D. vulgaris Hildenborough, corrinoids were not released 

from that bacterium (Men, Seth et al. 2014). 

It is important to stress that elements of this chapter represent works in progress and 

not carried out to 100 % completion.  The metH and cobT deletions that led to drastic decreases 

in or complete loss of Hg methylation still need to have the deleted genes complemented back 

into the deletion strain to ensure that no polar effects are responsible for the changes observed.  

The targeted deletions of genes encoding enzymes that perform reactions predicted to be 

carried out by additional isoenzymes need to be performed in the context of multiple deletions 

to determine unquestionably if that particular reaction is playing a role biochemically upstream 

of the HgcAB cycle.  While the genetic deletions of metH and cobT have been verified in ND132, 

along with some of the deletions that did not alter Hg methylation, there are still some deletion 

mutants that did not alter methylation where the genetic deletion still needs to be verified 

(Table 4.3).   

The experiments presented in this chapter have established the MetH enzyme as most 

likely being the upstream methyl donor to the HgcAB Hg methylation cycle.  We have also 

shown that the CobT enzyme plays a crucial role in proper assembly of the lower ligand of the 

cobalamin cofactor.  Data have also been generated in the first steps of determining possible 

enzymes of the pathway contributing the methyl group to CH3Hg+. 
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Chapter 5 

Conclusions and future work 

The work presented here is the result of a great collaborative effort that has led to a 

much improved understanding of microbial Hg methylation.  A major source of the CH3Hg+ 

present in the environment has been identified.  The identification of the hgcA and hgcB genes 

has opened new approaches to study the Hg methylation process.  Already new reports are 

emerging of the detection of the presence of these two genes in diverse organisms from 

differing environments across the globe.   The characterization of functional domains of HgcA 

and HgcB has opened up possibilities to pursue efforts aimed at inhibiting the function of these 

proteins.  The key residues identified also hint at some aspects of the Hg methylation reaction 

and can be used in the future to further characterize the mechanism of action of HgcA and 

HgcB. 

In the two years following the identification of the hgcAhgcB genes, reports have been 

published showing the presence of orthologs of these genes in a diverse group of 

microorganisms (Gilmour, Podar et al. 2013, Podar, Gilmour et al. 2015).  In addition to the 

bacteria identified as harboring hgcAhgcB, the presence of hgcAhgcB has also been shown in a 

few species of Archaea.  Within the genomes of sequenced microbes the presence of the genes 

is rare, but when assayed, the presence of hgcAhgcB in the genomes of organisms has always 

correlated with the ability to methylate Hg.  

A recent publication by Podar et al. (Podar, Gilmour et al. 2015) is the most 

comprehensive survey yet of the presence of the genes and the environments where the 

organisms with hgcA and hgcB in their genomes are found.  Combing through over 3500 
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available microbial metagenomes, these researchers also found the presence of the hgcAhgcB 

gene pair in new environments “including invertebrate digestive tracts, thawing permafrost 

soils, coastal ‘dead zones,’ soils, sediments, and extreme environments, suggesting multiple 

routes for MeHg entry into food webs.” (Podar, Gilmour et al. 2015).  Of note, the presence of 

the hgcAhgcB genes is lacking in the human gut microbiome in the sequenced metagenomes 

queried.  The genomic data presented by these authors suggests that the Archaea were the first 

species to methylate Hg.  The finding of the presence of the hgcAhgcB pair in metagenomes 

from thawing permafrost has direct implications to consider with the current trend of global 

warming. 

The identification of the genes will help in future efforts to identify the presence of Hg 

methylating microbes in the environment and therefore predict the Hg methylating capacity of 

that region.  The locations where these genes are identified will aid in more accurate 

environmental monitoring of the overall Hg cycle. 

The function of HgcA appears to be to orient the cobalamin cofactor to the cap helix to 

facilitate transfer of the methyl group, while the function of HgcB is to act as a high energy 

reductant to convert Co(III)-HgcA back to Co(I)-HgcA to prepare HgcA for another Hg-

methylation cycle.  The data from the point mutations in the cap helix of HgcA described in 

Chapter 3 support this role. 

The lack of ability of the ΔcobT strain to produce CH3Hg+ offers substantial evidence that 

the reaction proceeds through a corrinoid cofactor.  These data support the long hypothesized 

role of a corrinoid protein in the Hg methylation reaction. 
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The upstream pathway that contributes the methyl group has begun to be probed.  

From the data showing that the metH deletion leads to a loss of at least 90 % of the Hg 

methylation capacity we now know that the methyl group is moving through this enzyme at 

some point in the Hg methylation process.   

While we were unable see changes in the ability of ND132 to methylate Hg by deleting 

any of the other targeted enzymes thought to perhaps be involved in the carbon flow of the 

methyl group, these attempts so far have not been comprehensive.  Some of the targeted 

reactions have multiple enzymes that can carry out that particular role, and as of yet our 

deletions have only targeted one enzyme at a time.  If desired, in the future multiple deletions in 

the same strain can be attempted to further characterize the contribution of these reaction to 

the carbon flow leading up to CH3Hg+. 

An important tool was developed during this work and will be discussed briefly here.  

Constructs were created (Figure 5.1) to introduce affinity tagged versions of both HgcA and 

HgcB into the genome of ND132.  The tags were designed for tandem affinity purification with 

both a streptavidin tag and a Flag epitope tag (Chhabra, Butland et al. 2011).  Both of these 

strains have been verified in ND132 by genetic screen and the HgcA-FTS protein expression has 

been verified by western blot against the Flag epitope.  These strains can be used in the future 

for various applications.  Proteins interacting with HgcA or HgcB can be identified with 

immunoprecipitation assays using the affinity tags to pull down these protein complexes.  

Determination of cellular localization of HgcA and HgcB can be attempted with 

immunocytochemistry using antibodies that recognize the Flag epitope.  The HgcA and HgcB 

proteins can be purified using the tags for use in in vitro experiments.  If these studies are 

undertaken, particularly efforts to identify binding partners of HgcA and HgcB, more insight will  
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Figure 5.1. Affinity tagged HgcA and HgcB 

 

Figure 5.1.  Design of the tandem affinity purification constructs that were used to introduce 

tagged versions of both HgcA and HgcB into ND132.  The circular plasmid constructs are at the 

top, with the construct for HgcA-FTS on the left and STF-HgcB on the right.  Depicted at the 

bottom are the tagged constructs as they appear in the ND132 genome.  Green, up and 

downstream homology regions; purple, hgcA; orange, hgcB; blue, SpecR cassette; red, affinity 

tag; black line, ND132 chromosomal DNA.  F, Flag epitope (DYKDDDK); T, tobacco-etch-virus 

cleavage site; S, strepavidin.  ‘FTS’ or ‘STF’ denotes the order of the components of the tag.  
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surely be gained into the nature of the Hg methylation reaction.  Binding partners may also hint 

at other functions of the HgcA and HgcB proteins, not related to Hg methylation. 

As stated in Chapter 4 Desulfovibrio vulgaris Hildenborough has been shown to produce 

novel corrinoids (Guimarães, Weber et al. 1994).  Working with our collaborators at UC-Berkeley 

we have preliminary evidence that the nature of the corrinoid in ND132 is also of a novel 

structure.  This work is continuing and it will be interesting to see if there are more than one 

corrinoid species present in ND132 and if a particular corrinoid species is utilized in the Hg 

methylation reaction.  

 Work is currently underway by our collaborators at ORNL to determine if the hgcAhgcB 

gene pair evolved for the purpose of producing CH3Hg+ or if the genes evolved for a different 

function and are only recognizing Hg as a substrate purely by coincidence.  Organisms that 

contain the hgcAhgcB gene pair are resistant to Hg concentrations several magnitudes above 

any concentrations that they would ever be exposed to in the environment.  This evidence 

suggests that the genes did not evolve to play a role in producing CH3Hg+ to ‘detoxify’ the cell 

and remove Hg.  The deletion strains are being compared to wild-type ND132 in different 

metabolic experiments to determine any changes in cellular metabolites that may suggest 

another functional role for the HgcA and HgcB proteins. 
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