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By 
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During the past five decades, mercury has gained increased interest due to its 

toxicity to human and environmental health. Therefore, mercury detoxification, whereby 

the mercuric reductase (MR), a homodimer of MerA (Figure 3-10), converts Hg
2+

 to Hg
0
, 

is an important activity. merA, the gene encoding MerA, has been found in diverse 

Archaea and Bacteria [1], but it is not well known in the Bacteroidetes, a large phylum in 

the bacterial domain that is widely distributed in many environments. The goal of this 

study was to identify protein structural characteristics that relate to MerA temperature 

optimum for activity in two species of the phylum Bacteroidetes: one a thermophile, 

Rhodothermus marinus, and the other a psychrophile, Flavobacterium. sp. SOK62. The 

standard MerA assay [2] was optimized by adjusting pH, selecting the reducing 

substrates (NADH/NADPH) and the type and concentration of thiol agent. Using the 

optimized assay, I found that the optimum temperature for MerA of R. marinus was at 
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65-70ęC (activity range from 30 to 90 ºC) and for the psychrophilic MerA (strain SOK62) 

was at 50-55 ęC (range from 10 to 90 ºC). Homology modeling (Figure 3-7) of the 

psychrophilic and thermophilic MerA (homology to a proteobacterial MerA from 

Pseudomonas aeruginosa PAT) showed that the psychrophileôs MerA (SOK62) has more 

Ŭ-helix and less ɓ-sheet secondary structure than the thermophileôs MerA (R. marinus), 

which is shown in Table 3-5. MerA of SOK62 has more polar residues and less 

hydrophobic residues, suggesting adaptation to activity at lower temperatures [3]than 

MerA of R. marinus. In contrast, the psychrophileôs MerA has a larger number of 

aromatic residues than the R. marinus enzyme, contradicting the expectation of a lower 

number of bulky residues in a psychrophilic protein. These experiments test the 

hypothesis that because MerA originated among thermophiles in geothermal 

environments [4], the MerA from a psychrophilic bacterium has a thermophilic enzyme 

activity optimum and structural adaptations facilitating activity at low temperatures. This 

study contributes to our understanding of the natural history of microbial mercury 

detoxification. 
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1 Chapter 1: Introduction  

The element mercury is located in group 2B (heavy metals) just below cadmium 

in the periodic table. It is a liquid metal and is widely used in dental amalgams, 

thermometers, fluorescent lamps, and also exists in nature from oceans to volcanoes (see 

Figure 1-1). Hg is an earth crust element that is largely released to the environment by the 

combustion of fossil fuel. It is a toxic element and can be easily converted to its more 

toxic form, methyl mercury, by anaerobic microorganisms, which exist in anoxic 

sediments. Therefore, for microbial life to survive mercury toxicity there must be a 

system to detoxify, e.g., the mer operon system.     

 

Figure 1-1: The mercury cycle. The figure shows mercury in the environment and how it 

is converted among its chemical forms, some with different oxidation states. Reproduced 

with permission of John Wiley and Sons [5].  
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The mercury resistance (mer) operon (shown in Figure 1-2) [6, 5] consists of a 

series of genes that together specify bacterial resistance to Hg. These genes include merA 

(mercuric reductase), merB (mercurial lyase), merC, merD (regulators), merE, merG, 

merP (transporter), merR (regulator), and merT (transporter).  

 

Figure 1-2: The mer system [6]. A and B stand for MerA and MerB respectively, P and T 

for MerP and MerT, G and E for MerG and MerE. L stands for ligand. Reproduced with 

permission of John Wiley and Sons [5].  

 

Mercuric reductase (MerA) reduces the mercuric ion (Hg
2+

) to volatile mercury 

(Hg
0
) [7]. Mercuric reductase is a member of the flavin disulfide oxidoreductase family 

and was purified from both Escherichia coli and Pseudomonas sp. [7]. All MerA proteins 

have conserved cysteines which interact with both organic and inorganic mercurials [7], 

and are part of a mercury binding site, where they play a significant role in the reduction 

of the mercuric ion [7]. 
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The best-characterized MerA (encoded by transposon Tn501 [8]) is from 

Pseudomonas aeruginosa PAT [9], and its sequence consists of 560 amino acid residues 

[10]. Three cysteine pairs have been found essential for activity in Tn501 as well as other 

MerA proteins. These cysteine pairs are located at the N-MerA (N-terminal of the MerA 

protein which consists of about 90 residues), at the active site, and at the carboxyl-

terminus. The N-terminal cysteine pair (residues Cys11 and Cys14 according to the 

Tn501 numbering), capture Hg from the environment (e.g., from other Mer proteins) and 

pass them to the cysteines that are located in the active site (at the catalytic core) [7]. The 

active site of MerA has a cysteine pair at location of Cys136 and Cys141 [11]. These 

cysteines have a direct role in reduction of Hg
2+

 by binding to Hg and FAD (flavin 

adenine dinucleotide) molecules. FAD assists with the transfer of electrons between 

NAD(P)H and Hg
2+

 molecules. Both NAD(P)H and Hg
2+

 are substrates of MerA, which 

reduces Hg
2+

 and oxidizes the NAD(P)H (equation 1). Therefore, the activity of the 

enzyme can be tested in two different ways, i.e., mercury reduction and NAD(P)H 

oxidation. The third pair (residues Cys558 and Cys559) are located at the carboxy-

terminus and bring the mercury to the active site for reduction [12, 13].  

NAD(P)H + RS-HG-SR + H
+
 Ÿ NAD(P

+
) + Hg

0
 + 2RSH                        (1) 

There are some observations in regard to MerA which led to the hypothesis that 

MerA has a thermophilic enzyme activity. These observations are: (I) phylogenies 

suggest that the ancestral MerA evolved in geothermal environments [4, 6], (II) 

Microorganisms in geothermal environments live in presence of high mercury 

concentrations [14], (III) Hg resistance in bacteria/archaea is very common in geothermal 
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environments [6, 15], and (IV) a MerA from a mesophilic bacterium, Tn501), shows 

optimal enzyme activity at 55 to 65°C [15]. 

The Bacteroidetes are a class of gram-negative bacteria, which is broadly 

distributed in environments rich in organic substrates such as wetlands and saltmarshes.  

Interestingly, they are very common in the microbial communities that live in polar 

regions [16]. In the bacterial MerA phylogeny, they form a lineage that is basal to all 

proteobacterial MerA [17]. This lineage includes R. marinus, a thermophile in a position 

basal to other Bacteroidetes and Flavobacterium sp. SOK62, a psychrophile (Figure 1-3).  

These two taxonomically related strains and their MerA, therefore, represent two 

extremes in the temperature spectrum of life. 
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2 Chapter 2: Determination of optimal temperature for activity for 

Rhodothermus marinus and Flavobacterium sp. SOK62 

2.1 Introduction 

Previous work has shown that MerA is a thermophilic enzyme even in mesophilic 

bacteria [15]. In the MerA phylogeny (Figure 1-3), MerA in Bacteroidetes is a link 

between early lineages [1] and the more derived lineages; having MerA from closely 

related (phylogenetically) taxa, one a psychrophilic bacterium and the other a 

thermophile, is an opportunity to compare the two. This chapter discusses the methods I 

used to find the optimum temperature for Mer activity originating in two Bacteroidetes, 

one of them being Flavobacterium sp. SOK62 and the other one Rhodothermus marinus 

DSM4252.  SOK62 is a psychrophile with an optimal growth temperature of 15ęC that 

was isolated from a snow pack in Station Nord in northeastern Greenland [17]. On the 

other hand, R. marinus is a thermophile with an optimal growth temperature of 65ºC that 

was isolated from a submarine alkaline freshwater hot spring in Isafjardardjup, Iceland 

[18].  

2.2 Materials and Methods 

2.2.1 Cultures and growth conditions 

R. marinus DSM4252 and Flavobacterium sp. SOK62 [17] were used as a source 

for the mercuric reductase enzyme. The complete genome sequence of the thermophilic 

R. marinus DSM4252 contains an open reading frame (YP_003290665), which is 
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homologous to merA.  To test if this ORF encodes for an active MerA, the gene was 

cloned into the expression vector pBAD202/D (Invitrogen; 

http://products.invitrogen.com/ivgn/product/K420201) by the students of Nancy Hamlett 

(Dept. of Biology, Harvey Mudd College, CA), Haley Ham and Vincent Shieh, to create 

plasmid pHHVS1, and by Laura Poindexter and Sung Woo Koh to create pLPSK1.  In 

the constructed plasmids, pHHVS1 and pLPSK1, the expression of the cloned merA gene 

is controlled by the promoter of the arabinose operon. The plasmids were transformed 

into E. coli TOP10 (Invitrogen) using selection for kanamycin resistance.  E. coli TOP10 

cultures containing these plasmids were generously provided by Nancy Hamlett. Growth 

was initiated from frozen stocks available in the Barkay lab culture collection. E. coli Top 

10/pHHVS1 was cultured in Luria Bertani (LB) medium at 37 ºC and Flavobacterium sp. 

SOK62 in PYG medium at 15 ºC (see Table 2-1 for media composition and growth 

conditions).  E. coli/pHHVS1 was grown in presence of 100 µg/ml kanamycin to select 

for plasmid containing cells and Flavobacterium sp. SOK62 was grown in medium 

containing 10 µM HgCl2. Table 2-1 lists the composition of the two growth media. 

Table 2-1: Composition of LB and PYG media. 

 Ingredients  Amount per liter  

 

 

LB media Tryptone 10 g  

yeast extract 5 g  

NaCl 5 g  

milliQ water 1000 ml  

    

PYG media Peptone 5gr  

Tryptone 5gr  

Yeast extract 10gr  

Glucose(dextrose) 10 gr  

Salt solution
1
 40 ml  

milliQ water 960ml  
1
Salt solution consists of 0.2 g CaCl2, 0.4 g MgSO4.7H2O, 1 g K2HPO4, 1 gKH2PO4, 10 

gNaHCO3, 2 g NaCl, and 1000 ml milli Q water. 

http://products.invitrogen.com/ivgn/product/K420201
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2.2.2 Preparation of cultures for MerA assays 

To prepare the cultures, the protocols of Fox and Walsh [2] were followed with 

some modifications to optimize the assay for the test enzymes.   

First, 1 ml of an overnight culture was transferred to a flask with 25 ml fresh 

medium, a 1:25 dilution (overnight culture into LB medium); HgCl2 was added to SOK62 

and kanamycin was added to E. coli/pHHVS1 to select for the tested organism. The 

cultures were then grown at their optimal temperature, 37 ºC for E. coli/pHHVS1 and at 

15ęC for strain SOK62, with periodic measurements of optical density (OD) using 

Spectronic Genesys 20 Visible Spectrophotometer (Thermo Scientific, Waltham, MA) at 

595 nm (OD595) until an OD595 of 0.45 to 0.5 was reached.  To optimize MerA 

production, HgCl2 was added to SOK62 cultures and arabinose to E. 

coli/pHHVS1cultures for induction of their respective merA.  For strain E. coli/pHHVS1, 

it was essential to find the optimal concentration of arabinose for induction (amplify the 

expression of merA) and several concentrations in the range 0 to 1.33 mM were tested. 

Following the addition of the inducers, the cultures were incubated for additional 

1 to 2 generations, about 1 hour for E. coli/pHHVS1 and 1 day for strain SOK62 (a slow 

grower).   Next, the flaskôs contents were transferred to 250 ml centrifuge bottles (SLA-

1500 Rotor) and centrifuged at 6000 rpm for 10 min (at 4 ºC) using a Sorvall RC-

5B centrifuge (Thermo Scientific, Waltham, MA). The supernatant was removed, the 

pelleted cells were washed with a 0.85% NaCl solution, and the cell suspension was then 

transferred to preweighted 50 ml centrifuge bottles. Following centrifugation (SS34 rotor, 

for 10 minutes at 6000 rpm), the supernatant was discarded, the tube was weighted again 
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and the net wet weight of the pellet recorded. Lastly, cell pellets were stored at ï20 ºC 

until the next step, the preparation of cell extracts. 

2.2.3 Preparing Crude Cell Extracts 

To use the pellets, they were thawed and re-suspended in re-suspension buffer. 

Re-suspension buffer contained 20 mM phosphate at pH 7.5 (81 parts 1 M Na2HPO4 and 

19 parts 1 M NaH2PO4), 0.5 mM EDTA, 0.1 % ɓ-mercaptoethanol, in filtered milliQ 

water. For each 0.2 gram of wet cell pellet, 1.5 ml re-suspension buffer was added [2]. 

The next step to extract the cell content was to break the cells. This was achieved by 

different methods for each of the organisms. To break the E. coli cells, sonication was 

used. In this method, cells were broken using a Misonex S-4000 sonicator (Misonex Inc. 

Newtown, CT) for 3 minutes at 40 watts in repeat cycles of 4 seconds sonication and 2 

seconds on ice for a total of 4.5 minutes of sonication. However, the sonication method 

did not break the SOK62 cells, and a French press was therefore used. 

The French press disrupts bacterial cells by passage of the cell suspension through 

a narrow orifice under pressure. The key to using the French press is that water needs to 

be added first to flush the cylinder for the purpose of cleaning the surface and to enhance 

sealing. The cell suspension was first sonicated (10 seconds) to produce a homogenous 

suspension and then DNAse (0.5 mg/ml) was added to loosen up clumped cell 

aggregates. Then, about 20 ml of the sonicated cell suspension was poured into the 

cylinder of an Aminco French press cell (American Instrument Company, Silver Spring, 

MD) and a pressure of 12000-15000 psi was applied. The resulting suspension was 

collected in a clean tube. Passage through the French Press was repeated 3 times to insure 

that cells were broken effectively [19]. 
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Broken cell suspensions of both organisms were then centrifuged in Eppendorf 

tubes using a Sorvall MC-12V micro centrifuge (Thermo Scientific, Waltham, MA) at 4 

ºC at 14,000 rpm for 30 minutes, and the supernatants containing the crude cell extracts 

were transferred to  clean Eppendorf tubes. For the E. coli TOP10/pHHVS1extract, this 

step was subsequently optimized to achieve higher activities by heating the crude extract 

for 20 minutes at 65ęC and removing precipitated proteins by centrifugation as above.  

2.2.4 MerA assay 

The method used to determine the optimal temperature activity of MerA was from 

Fox and Walsh [2], and is described below. 

Several solutions were prepared for the Fox and Walsh reductase assay buffer 

including 80 mM PO4 buffer at a pH 7.5 (81 parts 1 M Na2HPO4 and 19 parts 1 M 

NaH2PO4), 1 mM ɓ-mercaptoethanol, 200 µM NADPH, and 100 µM HgCl2. To prepare 

the 200 µM NADPH or NADH stock solution, a 6.7 mg of NADPH or 5.6 mg of NADH 

were added, respectively, to 400 µl of milli Q H2O. Adding 8 µl of this 20 mM solution to 

the 800 µl provided the final concentration of 200 µM NAD(P)H. Fox and Walsh used 

100 µM HgCl2 in the reductase assay, but for  E. coli TOP10/pHHVS1 enzyme Hg 

concentrations above 50 µM, and for  SOK62 enzyme Hg concentrations above 10 µM, 

were inhibitory. Therefore, reductase assays for E. coli TOP10/pHHVS1   and SOK62 

crude cell extract preparations were carried out in a final concentration of 50 and 10 µM 

HgCl2, respectively. 

To set up each reaction, 400 µl of the 2X buffer were added to a 1 ml quartz 

cuvette followed by the addition of NAD(P)H, cell extract, and HgCl2, filling the volume 

to 800 µl with Milli Q water. Various volumes of each crude extract preparation were 
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assayed, and each was repeated 3 times with and without Hg.  To test reductase activities 

at various temperatures, the cuvette holder of an Aviv 14DS UV-VIS spectrophotometer 

(Aviv Associates, Lakewood, NJ) was connected to a Haake A81 circulating water bath 

(Haake instrument, Paramus NJ) to reach the desired temperatures. Reductase activities 

of each crude extract were measured at 0 to 100 ęC. The spectrophotometer was set to the 

rate assay mode and followed the oxidation of NAD(P)H by measuring absorbance at 340 

nm (the first12 seconds of the experiment). Reactions were initiated by the addition of the 

cell extract or the Hg substrate.  

2.2.5 Optimization of the MerA assays 

The Fox and Walsh reductase assay was developed with a proteobacterial MerA, 

while in this study I applied it to bacteroidetal MerA.  Initial experiments under the 

published protocol indicated that assay conditions had to be optimized.  

2.2.5.1 Optimizing the co-substrate, NAD(P)H 

The first step of optimization was intended to select the reduced co-substrate 

because prior results suggested that MerA from thermophilic bacteria sometimes 

preferred NADH over NADPH [14, 20]. Standard MerA assays using either NADPH or 

NADH were therefore performed measuring activities using a Cary 300 UV/VIS 

spectrophotometer (Agilent Technologies, Budd Lake, NJ).  

2.2.5.2 Optimizing the pH 

To determine the appropriate pH for the reductase assay, the pH of the assay 

buffer was adjusted by varying the relative proportion of mono- and dibasic phosphate 
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(Table 2-2) to achieve a range of pH 6 to 8. The 2X assay buffer and the re-suspension 

buffer were prepared using the various phosphate stocks.   

 

Table 2-2 Phosphate buffer concentration at different pH. 

  Volume (mL) of 1 M NaH2PO4 Volume (mL) of 1 M Na2HPO4 pH 

815 180 6.2 

510 490 6.8 

280 720 7.2 

130 870 7.6 

53 947 8 

2.2.5.3 Optimizing the thiol agents 

The optimization was performed by comparing the effectiveness of different thiol 

agents including ɓ-mercaptoethanol, cysteine, glutathione, and thioglycolic acid. For this 

purpose, thiol solutions were prepared by solubilizing the thiols in milliQ water to have 

an equimolar (1mM) final concentration of thiol moieties, which was the concentration 

that was used in the Fox and Walsh protocol [2]. ɓ-mercaptoethanol as purchased is 14.4 

M, therefore 1.4 µl were diluted to 10 mM stock solution. The details of the thiol agent 

preparation are shown in Table 2-3. The prepared thiol agents were added to the 2X assay 

and re-suspension buffers.  

 

Table 2-3 Thiol agent stock solutions (10 mM thiol) preparation for optimizing the MerA 

assay. 

Thiol agent Amount of each thiol agent (mg or µl) 
solved in 2 ml milliQ water 

Molecular weight 

Glutathione  (98% reduced) 6.14 mg 307.32 
Thioglycolic acid 2.28 mg 114.1 
-̡mercaptoethanol 1.4 µl 78.13 

cysteine hydrochloride 
(monohydrate) 

3.5 mg 175.63 
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The next step for optimizing the thiol agent was determining the optimal 

concentration of the selected thiol (see Results), testing its effect on the MerA assay at 

the range of 0 µM-to 2mM using stock solutions of 0 to 10 mM.  

2.2.6 Hg(II) reduction by growing cultures of Flavobacterium sp. SOK62 

Because initial attempts to measure SOK62 reductase activities with cell extracts 

that were prepared by sonication failed, I tested whether growing cells of this strain 

removed Hg(II) during growth. This experiment was initiated by inoculating a petri dish 

containing PYG medium with frozen SOK62 stock. A single colony was then transferred 

to PYG broth and grown at 15°C (the optimum growth temperature for SOK62) in a low 

temperature incubator (Sheldon Manufacturing, Inc., Cornelius, OR) to mid log phase, 

when the culture was diluted 1:20 into fresh medium, dividing it into 4 flasks (100ml), 

three for live cultures and one flask for a heat killed control which was heated for 30 min 

at 80°C in a water bath. The experiment also included an uninoculated control. 10 µM 

HgCl2 was added to all treatments. At different time intervals, a sample was removed for 

OD (at 595 nm) measurement to follow growth and 1 ml was placed in acid cleaned glass 

vials with Teflon caps for total mercury analysis. The latter were preserved by adding 0.3 

ml of 25-30% BrCl solution to the vials enough to change the color of the sample to 

yellow/orange. Samples were checked frequently to make sure that they maintained the 

yellow/orange color and more BrCl was added if the samples became colorless; the 

amount added was then recorded. Samples were stored in the dark at 4°C until analysis 

[21].   
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2.2.7. Total Hg analysis 

A Hydra AA mercury analyzer (Teledyne ï Leeman Labs, Hudson, NH) was used 

to measure mercury remaining in the medium during culture growth. Samples were 

diluted 1/1000 to fit within the sensitivity, ppb range, of the instrument. Six µl aliquot of 

the preserved culture was pipetted, and then 150µl of 15% hydroxylamine were added as 

well as water to make up to 6 ml.  Lastly, calculation of Hg concentration was performed 

for each sample (percentage of mercury remaining in growth medium).  Reagents for 

analysis (all Trace Metal Grade and stored in vessels that had been acid-cleaned prior to 

use) included: 10% HCl, freshly-prepared 10% SnCl2 in 10% HCl and a 2% HCl diluent. 

The carrier gas for analysis was Ultra High Purity Nitrogen (70-90 psi). Hg analysis was 

performed at a wavelength of 253.65 nm.  

2.2.8. Protein assay 

Protein concentrations in crude cell extracts were measured by the Bradford assay 

(Bio-Rad Laboratories Inc., Hercules, CA) to complete the determination of the reductase 

specific activities. The assays were performed in 96 well micro titer plates. A set of 

bovine serum albumin (BSA) standards in the range of 8 to 80 µg protein/ml was 

prepared and used to calculate protein concentrations in crude cell extracts [22]. The 

concentration of protein was measured, and the specific activity was calculated and 

expressed as mU/mg protein where U is equal to 1 ɛmole NAD(P)H oxidized per min. 

2.2.9.  Constructing a phylogenetic tree 

The first step to construct the tree was to create a fasta file of MerA sequences. 

The sequences of strain SOK62, R. marinus, and the newly described thermophilic MerA 
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ATIICL (Sayad et al., 2014) were added to a previously assembled alignment file (Boyd 

and Barkay, 2012). Next, the fasta file was used as an input into the webpage 

http://www.phylogeny.fr/version2_cgi/index.cgi and the following steps were performed 

[23, 24]: multiple sequence alignment (using MUSCLE), curation (removing the gaps 

and trimming the sequences using GBLOCKS v0.91b), construction of the phylogenetic 

tree using a maximum likelihood method, editing the tree by using the Tree Dyn (v198.3) 

followed by manually adding names of organisms to each leaf in the tree (shown in 

Figure 1-3).  

2.3 Results 

2.3.1 Optimization of enzyme induction in E. coli TOP10/pHHVS1 

Arabinose was used to induce the pBAD promoter (described in Invitrogen 

manual http://xray.bmc.uu.se/Courses/MPC/literature_files/pbadtopo_man.pdf) in E. coli 

TOP10/pHHVS1 in order to induce the production of the cloned R. marinus MerA. The 

promoter has a quantitative response to the concentration of arabinose, the more 

arabinose added the more enzyme produced. However, at high concentrations of 

arabinose (e.g., 1.33 mM; Figure 2-1) it has a negative effect on growth of E. coli 

TOP10/pHHVS1 relative to all other treatments, suggesting that at this level merA 

expression caused depletion of resources and led to slower growth. The result of this 

experiment indicated that arabinose added at the range of 1.33-133 µM had no effect on 

growth rate while higher concentrations inhibited growth slightly (Figure 2-1).  

Arabinose at 1.33 µM was therefore chosen for all subsequent experiments to produce 

sufficient amount of MerA for the assays. 

http://www.phylogeny.fr/version2_cgi/index.cgi
http://xray.bmc.uu.se/Courses/MPC/literature_files/pbadtopo_man.pdf
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Figure 2-1 : Effect of arabinose addition on growth of E. coli TOP10/pHHVS1. 

2.3.2 Optimization of MerA assay parameters  

Figure 2-2 represents the MerA assay, which was obtained by the standardized 

Fox and Walsh method [2] with the crude cell extract of TPO10/pHHVS1 without 

optimization. The graph shows big standard deviations, which mean irreproducibility of 

the assay, and hence, I pursued the optimization of assay conditions for the enzymes of 

both R. marinus and Flavobacterium sp. SOK62.  
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Figure 2-2: Temperature profile of R. marinus MerA activity before optimization of the 

reductase assay. The experiment was performed with 1mM ɓ-mercaptoethanol, 80 mM 

PO4 buffer at pH 7.5, 200 µM NADPH, and 50 µM HgCl2  

 

2.3.2.1 Comparing MerA activities with NADH and NADPH  

First, activities with NADPH and NADH as the reduced substrates were 

determined. With MerA of R. marinus, a lower specific activity (4.1 mU/mg protein) was 

observed with NADPH than with NADH (52.5 mU/mg protein). On the other hand, the 

MerA of SOK62 had a higher specific activity when NADPH (38.5 mU/mg protein) with 

only 3.4 mU/mg protein when NADH was used (Figure 2-3).  
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Figure 2-3: Optimization of the MerA assay by comparing activity with NADH and 

NADPH. The experiment was performed with 1mM ɓ-mercaptoethanol, 80 mM PO4 

buffer at pH  7.5, 200 µM NAD(P)H, and 50 µM HgCl2 for R. marinus and 10 µM HgCl2 

for SOK62. 

2.3.2.2 Optimizing the activity by heating the crude extract 

Previous research by Vetriani et al. [15] showed that E. coliôs crude cell extracts 

when heated to temperature >60 ºC formed a precipitate that interfered with the MerA 

assay. Therefore, I compared the specific activities of unheated and heated (at 65 ºC) 

extracts. The results revealed higher specific activities with the heated extract (72.6 

mU/mg protein) as compared to the unheated extract (49.7 mU/mg protein). Thus, 

following the removal of the precipitate the cleared crude extract was 31.5% more active 

than the unheated extract. Protein measurements showed that 22% (
Ȣ  

Ȣ  

ρ ρππ) of the proteins in the original crude extract were precipitated by heat. This 

experiment was performed only with the TOP10/pHHVS1 extract; crude extracts of 

SOK62 did not show the formation of precipitate upon heating. 
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2.3.2.3 Optimizing the MerA assay pH 

Several pH were tested to find the optimal one for activity for the R. marinus and 

Flavobacterium sp. SOK62 MerAs. R. marinus shows better activity in the pH range 6.8-

7.5 (Figure 2-4), and SOK62ôs MerA shows better activity in the pH range 7.2-7.5.  

Based on these results I selected a pH 7.2 for both R. marinus assays and SOK62 assays. 

 

 

Figure 2-4: pH optimization of the MerA assays for R. marinus and SOK62. The 

experiment was performed with 1 mM ɓ-mercaptoethanol, 80 mM PO4 buffer at pH 6.2-

8, 200 µM NAD(P)H, and 50 µM HgCl2 for R. marinus and 10 µM HgCl2 for SOK62.   

2.3.2.4 Optimizing the thiol agent and its concentration 

At this stage, the activity with different thiol agents including ɓ-mercaptoethanol, 

cysteine, glutathione, and thioglycolic acid was compared. Both R. marinus and SOK62 

MerA had higher activities when cysteine was used (Figure 2-5).  

The effect of cysteine concentration on MerA activity was then determined. It was 
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in the case of R. marinus. On the other hand, for SOK62, the activity was the highest at 

10 mM. 

 

Figure 2-5 : Thiol optimization of the MerA assay for R. marinus (blue), and SOK62 

(red). The experiment was performed with 1mM thiol agents such as ɓ-mercaptoethanol 

(BME), cysteine (CYS), glutathione (GSH), and thioglycolic acid (TGA), 80 mM PO4 

buffer at pH 7.2, 200 µM NAD(P)H, and 50 µM HgCl2 for R. marinus and 10 µM HgCl2 

for SOK62. 

 

Figure 2-6 : Optimization of cysteine concentration for the MerA assay for R. marinus 

(blue) and SOK62 (red). The experiment was performed with cysteine in the range of 0-

10 mM, 80 mM PO4 buffer at pH 7.2, 200 µM NAD(P)H, and 50 µM HgCl2 for R. 

marinus and 10 µM HgCl2 for SOK62. 
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 A summary of optimizations results is shown in Table 2-4.  These conditions 

were then employed to test the effect of temperature on MerA activities of the 

thermophilic and psychrophilic bacteroidatel enzymes (see below section 2.3.4). 

 

Table 2-4: Optimized assay conditions for the reductases of strains Flavobacterium sp. 

SOK62 and R. marinus. 

Optimized parameter  R. marinus  SOK62 

Reduced substrate NADH NADPH 

Heating the extract (60º C) Yes No 

pH 7.2 7.2 

Thiol agent cysteine cysteine 

Final thiol concentration  5mM 10mM 

Breaking the cell Sonication French press 

 

2.3.3 Flavobacterium sp. SOK62 growth and mercury removal from growth media 

Because Flavobacterium sp. SOK62 was only recently described [17] and little is 

known about its growth and mercury resistance, I first determined how cell growth was 

related to the removal of mercury from the growth medium. 

The growth and mercury loss curves for SOK62 are shown in Figure 2-7. Growth 

was delayed until the 2
nd

 day of incubation by which time 50% of mercury was removed.  

After 2 days growth continued at a consistent rate and even after 15 days, the culture did 

not reach stationary phase. The removal of mercury from the medium of the growing 

culture started immediately after inoculation, and by day 4, when growth was still at its 

initial stage, 75% of the added 10 µM Hg was already lost. The growth vs. loss analysis 

(Figure 2-7) was performed to test whether or not SOK62 expressed merA. The controls 

used here were heat killed cells and blank medium. Hg might have been reduced 

abiotically in the presence of light by photochemical reactions and also in the dark [25]; 
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therefore, a blank (uninoculated) solution was used to determine the magnitude of abiotic 

loss. The other control was a heat killed culture (30 min at 80ºC) whose results showed 

some loss, about 20% in the first four days of the incubation. The mean and standard 

deviation values for Hg volatilization analysis are also shown in Figure 2-7.  Thus, the 

mer system of strain SOK62 likely renders resistance to mercury by the reduction of 

Hg(II) to Hg(0).  The effect of mercury on growth of R. marinus was not tested. 

 

 

Figure 2-7: The relationship of mercury removal to growth of strain SOK62.  The starting 

concentration for mercury volatilization was 10 µM.  Means and standard deviations of 3 

live replicate cultures are shown. Single incubations were set up for the killed and blank 

controls.   
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range of temperatures for both SOK62 and R. marinus MerA enzymes. Because of the 

number of assays that were performed, I was not able to carry all of them out in one 

experiment.  Therefore, different experiments covering different temperature ranges were 

-0.5

0

0.5

1

1.5

2

0

2

4

6

8

10

12

14

0 5 10 15 20

O
D
 

ɛ
M
  H

g 

Time(days) 

Hg(mean live)

heat killed(Hg)

blank(Hg)

growth mean

heat killed growth

blank(growth)



23 

 

performed on different days making sure that an overlap of at least 3 temperatures was 

included in the experimental design of each.  The final results of the effect of temperature 

on the specific activity for SOK62 are shown in Figure 2-8 and for R. marinus in Figure 

2-9. The optimum temperatures for activity were 55 ºC and 65 ºC for SOK62 and R. 

marinus, respectively. The upper limits of activity for both enzymes were 95 ºC while the 

lower limits were 5 ºC for SOK62 and 30 ºC for R. marinus. For R. marinus the optimal 

temperature for MerA activity corresponded well with the bacteriumôs optimal growth 

temperature (65 ºC). For SOK62 (Møller et al. 2014 [17]), the activity at 55 ºC was 7 

times higher than the activity at its optimal growth temperature, i.e., 15 ºC (70 mU/mg 

protein as compared to 10 mU/mg protein). The broad temperature range for SOK62ôs 

MerA activity, 10 to 90 ºC, was also noted. 

   

Figure 2-8: Effect of temperature on specific activity of MerA of the psychrophile 

Flavobacterium sp. SOK62. The blue curve shows activities at a temperature range of 0-

60 ęC and the red curve at 40-95 ęC. The experiments were performed with 10 mM 

cysteine, 80 mM PO4 buffer at pH 7.2, 200 µM NADPH, and  10 µM HgCl2 . 
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Figure 2-9: Effect of temperature on specific activity of MerA of the thermophile R. 

marinus. The red curve shows the activities at a temperature range of 50-100 °C and the 

blue curve activities, monitored in a second experiment, at the range of 0-85 °C. Assays 

were performed with 5 mM cysteine, 80 mM PO4 buffer at pH 7.2, 200 µM NADH, and 

50 µM HgCl2. 

2.4 Discussion/Conclusion 

An optimum activity graph for the three classes of MerA that were described in 

recent years, originating in a psychrophile, a mesophile ( [15], [26]), and thermophiles     

( [26], [14]) is shown in Figure 2-10. 
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Figure 2-10: Comparison of the activity of MerA of SOK62, R. marinus, and Tn501. The 

red curves show the activity of SOK62, the green curves for R. marinus, and black curve 

for Tn501. The Tn501 result was multiplied by 1.5 to facilitate the comparison [26].   

 

  

It is clear that the temperature range of activities for the enzymes of the 

extremophile (either thermophile or psychrophyle) is broader than that of the mesophile 
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Figure 2-11: The specific activities of Hydrogenobaculum sp. Y04AAS1 (ƴ), 

Hydrogenivirga sp. 128-5-R1-1 (ǒ),Tn501(æ), and Thermus thermophilus (ö). This figure 

is reprinted from Freedman et al. Reproduced with permission of American Society for 

Microbiology [14]. 

 

 

The phylogeny of MerA shows that the MerA originated in thermophiles (Figure 

1-3). Then it evolved into an enzyme that could act at mesophilic temperatures (as in P. 

aeruginosa Tn501); this evolution seems to have resulted in a substantial narrowing of 

the temperature range of MerA (Figure 2-10 and Figure 2-11). The evolutionary distance 

between the MerA of the two extremophilic Bacteroidetes, i.e., SOK62 and R. marinus, 

is shorter compared with their distance from the mesophile (Tn501) (Figure 1-3).  It is 

possible that adaptation to activity at lower temperature in SOK62 was associated with an 

expansion of the temperature range of activity of an otherwise thermophilic enzyme 

along with a longer evolution time than for the transition from a thermophilic to 

mesophilic environment that is represented by MerA of Tn501.  
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Figure 2-10 supports the hypothesis of a thermophilic origin for MerA. All three 

enzymes have optimum temperatures for activity in a thermophilic range even though the 

optimum growth temperatures of the organisms that are not thermophiles is lower, as is 

evidenced from the data for P. aeruginosa hosting Tn501 and Flavobacterium sp. 

SOK62.  

Mercury from atmospheric deposition in polar regions is highly bioavailable [27] 

and microbes containing MerA (for example, strain SOK62) may play an important role 

in mercury detoxification in these environments. 

Among all of the thermophiles such as Hydrogenobaculum sp. strain Y04AAS1 

(optimal activity at 50°C) [14], Hydrogenivirga sp. strain 128-5-R1-1(at 70°C) [14], 

Thermus thermophilus (at 70ºC) [26], and R. marinus (at 65ºC), the optimal MerA 

activities were identical or close to the bacteriaôs optimal growth temperatures.   

Interestingly, a recent thermophilic MerA was isolated from a metagenomic clone 

library that was obtained from a brine pool at the Atlantis II depth in the Red Sea [28].  

When added to the MerA phylogeny, this sequence (ATII -LCL) represents a very recent 

derivation of MerA (Figure 1-3).  This enzyme is highly temperature stable but its 

optimal temperature for MerA activity has not been determined.  This enzymeôs optimal 

temperature for activity and the temperatures range at which activity can occur might 

shed a broader light on the evolution of a thermophilic MerA into a mesophilic one and 

back to a thermophilic enzyme. 

   



28 

 

3 Chapter 3: Homology modeling of thermophilic and psychrophilic 

MerA  

3.1 Introduction 

Microorganisms could be categorized based on their optimal growth conditions 

such as psychrophiles (microorganisms with optimal growth temperature below 20 °C 

and no growth above 20 ºC), mesophiles (microorganisms with optimal growth 

temperature between 20-45°C), thermophiles (microorganisms with optimal growth 

temperature between 45-80°C), and hyper thermophiles (microorganisms which can grow 

above 80 °C) [29]. Thermophilic bacterial proteins usually show high intrinsic thermal 

stability [30], but the structures are analogous to mesophilic homologues. Based on the 

protein structures, one of the rules that are generally observed is that the number of ion 

pairs will increase with higher temperatures [31, 30]. In contrast, proteins from cold 

adapted or psychrophilic organisms have greater flexibility [32]. The proteins from 

psychrophilic bacteria have more short or neutral side chains compared to thermophiles 

or mesophiles [29]. The crystal structure of Tn501 MerA was used as a mesophilic 

template Ledwidge et al [33]  to create the structure of the psychrophile and thermophile 

homologs. The bacteria hosting MerA from Tn501, strain SOK62, and R. marinus are 

mesophile, psychrophile, and thermophile, respectively. The sequences of the three 

proteins are shown in Figure 3-1, Figure 3-2, and Figure 3-3. Comparative modeling was 

undertaken in an effort to correlate functional differences among the proteins with 

structural features. 
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We examined the positions of polar, aromatic, charged, and nonpolar residues. In 

addition, their distances to the active site and other mercury binding domains were 

determined (at the N-MerA motif or the C-terminus). Furthermore, the location of each 

residue in the secondary structures i.e., in Ŭ-helices, ɓ-sheets, or in the loops was 

analyzed. Finally, the residuesô locations on the surface or isolated in the core of protein 

were determined. 

3.2 Material and methods 

The steps to create a three dimensional protein model based on amino acid 

sequence homology are explained in the following sections. 

3.2.1 Loading in a sequence file 

The amino acid sequences of R. marinus and SOK62 are shown in Figure 3-1 and 

Figure 3-2, respectively. 

 

Figure 3-1: The amino acid sequence of MerA of R. marinus. 

http://www.ncbi.nlm.nih.gov/protein/ACY48277.1 
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Figure 3-2: The amino acid sequence of MerA of Flavobacterium sp SOK62. 

http://www.ncbi.nlm.nih.gov/protein/485658516 

 

 The PDB files 1zk7 (for core protein) and 2kt2 (for N-merA) were used from the 

clustalw multiple alignments. Similar or identical residues were found in many places. 

Modeling for MerA of SOK62 and Rhodothermus marinus is shown in Table 3-1. 

 

Table 3-1 : Query information of the models 

sequence SOK62 R. marinus4252 

Query ID 1c1/19109 1c1/48200 

Query length 552 557 

 

For using the sequences as a query into InsightII , they had to be converted to PIR 

format (FASTA format could not be used). 

3.2.2 Searching for a template  

The amino acid sequences of SOK62 and R. marinus were used as an input to a 

BLAST search against the Protein Data bank.  The mercuric reductase of Tn501 

([Pseudomonas sp. K-62]) had the largest percentage of similarity (1ZK7 40%), and 

http://www.ncbi.nlm.nih.gov/protein/485658516
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therefore served as the template for homology modeling. The amino acid sequence of 

Pseudomonas sp. K-62 MerA is shown in Figure 3-2. 

 

 
Figure 3-3: The amino acid sequence of MerA from Tn501. 

http://www.ncbi.nlm.nih.gov/protein/P00392.1 

3.2.3 Loading in the PDB file for template 

At this step, the program InsightII (Accelrys) was used. The known structure of 

Tn501 (PDB file 1ZK7) was read in followed by the sequences of SOK62 or R. marinus, 

which served as the queries and which were converter to PIR format for input. 

3.2.4 Aligning the sequences 

For each query the InsightII facilities were used to form the sequence alignments. 

Aligned sequences of template and query were enclosed in Insight II ñboxes.ò were 

created.  Boxes were frozen before the following step, i.e., assigning the coordinates. 

3.2.5 Assigning coordinates to the structurally conserved regions 

Identical residues were assigned identical coordinates. Non-identical aligned 

residues were assigned identical backbone coordinates. The coordinates of their side 
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chains were taken from the programôs rotamer library. This step was repeated for each 

box. 

3.2.6 Creating loops   

Residues which had not been aligned and initial coordinates assigned as above 

were next constructed.  The PDB database was searched for known structures having 

loops connecting secondary structures whose lengths equaled those of the query.  The 

loops also were chosen so that their end-to end distances matched the attachment points 

to the model and so that their attachmemnts did not produce abrupt changes in the 

polypeptide direction that violated standard geometry. Reasonable conformers were 

found, and initial loop coordinates were assigned. 

3.2.7 Refining the structures by energy minimization 

The steps up to this poing usually create some steric clashes and other violations 

of the normal properties of well folded proteins.  These are relieved by energy 

minimization.  In order to minimize a structure, the potential of each atom must be 

specified. In order to specify the potentials, all of the hydrogens must be 

explicitlypresent. Therefore, hydrogens were added to the models. After adding the 

hydrogens, models were minimized to convergence in the presence of a shell of water 

molecules to simulate the proteinôs normal aqueous environment. The default settings in 

Insight II were used for the minimization. The resulting models were saved as PDB files. 

The bond lengths and bond angles were checked to be sure the geometry 

conformed to normal molecular structure. Minimization of the molecule was started with 
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100 iterations. Then, the models were ñsoakedò into water. In the last run, 100,000 

iterations were initiated. The energy converged to a minimum as shown in Table 3-2.  

 

Table 3-2: Iteration of the models. 

Minimization SOK62 R. marinus 

Iterations to convergence 12460 31142 

 

3.2.8 Solvent accessible surface areas and molecular volumes 

Solvent accessible surface areas were calculated by the method of Lee and 

Richards using the program ACCESS [34].  Since ACCESS uses heavy atoms only 

hydrogens were stripped from the PDB files. ACCESS yields one line of output for each 

heavy atom in the molecule, so to analyze the results in terms of atom type, the output 

files were input to a program called BINS, which classifies each atom as to whether is it 

aromatic, aliphatic, polar charged or polar uncharged.  BINS then tabulate the results.   It 

is described in Kajander et al. [35]. 

Richardsôs program VOLUME was used to compute molecular volumes, the 

output being tabulated and formatted for analysis by Richardsôs program VOLFMT [34], 

[36]. 

3.3 Results 

Comparison of amino acid residues of the 3 sequences (shown in Table 3-4, and 

Table 3-5), reveals that SOK62 has more bulky (aromatic R group) and polar residues 

than MerA of the mesophile or thermophile.  
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3.3.1 Analyzing the models 

The models are shown in Figure 3-4, Figure 3-5,Figure 3-6, and Figure 3-7, the 

images having been constructed with Pymol. They were analyzed as follows:  

The residues in each secondary structure (the alpha helices and beta sheets) was 

determined by counting the residues that were exist in each secondary structures, the 

numbers being shown in  Table 3-5. Each type of residue in each model was counted 

based on polarity and charge (shown in Table 3-4). The number of each kind of residue 

was counted (shown in Figure 3-8). The gly-x-gly area of each residue was calculated 

(shown in Table 3-6, Table 3-7, and Table 3-8).  

ACCESS and BINS were used not only to determine the solvent accessible 

surface areas but also to estimate the degree of burial of each protein atom.  To estimate 

percentage burial, a reference structure representing full exposure was created from 20 

tripeptides of the form gly-X-gly, where X represented each of the amino acids in turn.  

The backbone conformations of these were set to the phi-pso angles of a fully extended 

strand except for proline, for which the angles of polyproline II were used (Table 3-9).  

The volumes were calculated and the output organized by amino acid as described 

above.  For 1ZKNH1, there were 132 atoms of the total number of atoms in the protein, 

whose volumes could not be calculated by the Richards algorithm for geometric reasons. 

These were flagged and deleted.  Fortunately they would constitute only a small fraction 

of the proteinôs volume. The results for are shown in Table 3-3 
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Table 3-3: Protein volumes (Å
3
) 

 1ZKNH2 

(Tn501) 

Flavo1.vaa 

(SOK62) 

Rhodonh1.vaa 

(R. marinus) 

Main chain 30996 28771 28757 

Side chains 35131 39193 38280 

All  66128 67963 67038 

 

 

 

 
 

Figure 3-4: The core MerA protein. The structure of MerA of Tn501 was done by 

Ledwidge et al [33] .Its PDB file is named 1ZK7. 
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Figure 3-5: MerA model of SOK62. 

 

 

Figure 3-6: MerA model of R. marinus. 
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Table 3-4:  Comparison of amino acid residues among psychrophile (SOK62), 

thermophile (R. marinus), and mesophile (Tn501) MerA. 

# Amino Acids # & (%) of  

Tn501 
# & (%) of  

SOK62 
# & (%) of  

R. marinus 
1 Nonpolar, aliphatic R groups 

(G,A,V,L,I,M) 
228(48.8%) 213(45.2%) 228(48.8%) 

2 Polar, uncharged R groups 

(S,T,C,N,Q) 
117(25.1%) 119(25.3%) 98(30.0%) 

3 Aromatic R groups  

(F,Y,W) 
21(4.5%) 35(7.4%) 28(6.0%) 

4 Positively charged R groups 

(K,R,H) 
49(10.5%) 52(11.0%) 54(11.6%) 

5 Negatively charged R groups 

(D,E) 
52(11.1%) 52(11.0%) 59(12.6%) 

6 TOTAL 467 (100%) 471(100%) 467(100%) 

 

 

 

 

Figure 3-7: Models of MerA of SOK62 and R. marinus created based on homology to 

Tn501ôs MerA template. Ŭ helices are in red, ɓ sheets in yellow, loops in green, and the 

active site highlighted in purp0%)le helices. White circles are regions where the 

structures of the three MerA vary. 

 

 

 

 






















