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ABSTRACT The lower convective layer (LCL) of the Atlantis II brine pool of the Red
Sea is a unique environment in terms of high salinity, temperature, and high con-
centrations of heavy metals. Mercuric reductase enzymes functional in such extreme
conditions could be considered a potential tool in the environmental detoxification
of mercurial poisoning and might alleviate ecological hazards in the mining industry.
Here, we constructed a mercuric reductase library from Atlantis II, from which we
identified genes encoding two thermostable mercuric reductase (MerA) isoforms:
one is halophilic (designated ATII-LCL) while the other is not (designated ATII-LCL-
NH). The ATII-LCL MerA has a short motif composed of four aspartic acids (4D414 –
417) and two characteristic signature boxes that played a crucial role in its thermal
stability. To further understand the mechanism behind the thermostability of the
two studied enzymes, we mutated the isoform ATII-LCL-NH and found that the sub-
stitution of 2 aspartic acids (2D) at positions 415 and 416 enhanced the thermal sta-
bility, while other mutations had the opposite effect. The 2D mutant showed supe-
rior thermal tolerance, as it retained 81% of its activity after 10 min of incubation at
70°C. A three-dimensional structure prediction revealed newly formed salt bridges
and H bonds in the 2D mutant compared to the parent molecule. To the best of our
knowledge, this study is the first to rationally design a mercuric reductase with en-
hanced thermal stability, which we propose to have a strong potential in the biore-
mediation of mercurial poisoning.

IMPORTANCE The Red Sea is an attractive environment for bioprospecting. There
are 25 brine-filled deeps in the Red Sea. The Atlantis II brine pool is the biggest and
hottest of such hydrothermal ecosystems. We generated an environmental mercuric
reductase library from the lowermost layer of the Atlantis II brine pool, in which
we identified two variants of the mercuric reductase enzyme (MerA). One is the
previously described halophilic and thermostable ATII-LCL MerA and the other is
a nonhalophilic relatively less thermostable enzyme, designated ATII-LCL-NH
MerA. We used the ATII-LCL-NH enzyme as a parent molecule to locate the
amino acid residues involved in the noticeably higher thermotolerance of the
homolog ATII-LCL MerA. Moreover, we designed a novel enzyme with superior
thermal stability. This enzyme might have strong potential in the bioremediation
of mercuric toxicity.
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The Red Sea is a marine environment that is attractive for bioprospecting owing to
its characteristic features. It is isolated, and its water is relatively warmer and more

saline than other seas. The water temperature ranges from approximately 26°C at the
north part to 30°C at the south part, with only 2°C variation between the winter and
summer average temperatures (1). Its average salinity is 4.1%, compared to the average
of 3.5% in other seas (2, 3).

There are 25 brine-filled deeps that have been discovered so far in the Red Sea (4–7)
that were formed by the shift of the Arabian and African tectonic plates (5, 8). The
Atlantis II (ATII) brine pool is considered the biggest, hottest, and largest ore deposit of
any known hydrothermal system (6, 9). This deep is a harsh environment harboring
diverse microbial communities adapted to its extreme conditions (10). The lower
convective layer (LCL) is the deepest, 2,200 m below sea surface, with salinity 7.5 times
that of seawater (2). It endures extreme hypoxic conditions and has a low pH of 5.3,
high concentrations of heavy metals, and a temperature of 68°C (8, 9, 11) that has
gradually increased over the past few decades as a result of the mounting volcanic
activity in the vicinity (5).

Because of technical difficulties, studying the microbial communities in these deep
sea brines has not attracted sufficient attention until recently (7, 10). Among the
abundant stresses existing in this marine environment that challenge the microbial
community is the mercurial toxicity.

Mercury is one of the most toxic heavy metals on earth (12). It is ranked the sixth
among the ten most toxic elements in the universe (13). Its toxicity to organisms lacking
mercury resistance mechanisms stems from its affinity to sulfhydryl groups (-SH) of
proteins and enzymes (12, 13), altering their structure and function (14) and rendering
them ineffective (15). Mercury abundance is correlated with the activity of hydrother-
mal systems (16), such as the ATII hydrothermal vent, but its measurement is elusive,
since emissions from anthropogenic sources are variable and surpass emissions from
natural origins (17). The total concentration of mercury in the Red Sea is remarkably
higher than those of other seas: mercury levels reach up to 2,000 ng/liter in the Red Sea
(18), compared to 0.6 ng/liter in the Baltic Sea (19) and 5.5 ng/liter in the Yellow Sea
(20). Moreover, mercury content in the ATII sediments is remarkably higher than in
seawater and reaches up to 30 � 106 ng/liter (9).

The mercuric reductase enzyme (MerA) is a homodimeric protein belonging to the
family of flavin dinucleotide oxidoreductases (21, 22). MerA detoxifies inorganic Hg2�

by reducing the divalent mercuric ion into volatile Hg0. MerA is characterized by two
active sites located at the dimer interface (see Fig. S1 in the supplemental material)
comprising two pairs of cysteines at the catalytic core (C136 and C141), which are redox
active, and a pair of cysteines (C558 and C559) each at the C termini of the two
subunits, serving as both mercury-binding and -presenting sites to be further reduced
by the enzyme active sites (23, 24).

Thermozymes are enzymes produced by thermophilic or hyperthermophilic organ-
isms. The enhancement of their thermostability/thermophilicity is attributed to either a
single amino acid or a group of amino acid changes in specific sites and critical
locations on the polypeptide chain (25–28). However, there is no definitive method to
predict such sites or amino acid residues to be substituted, because each protein
behaves in a distinct manner (29).

A mercuric reductase enzyme from ATII-LCL was previously characterized (30). This
enzyme is activated by sodium chloride in a salt-dependent manner to reach its
maximum activity at a concentration of 4 M sodium chloride. The enzyme is also
thermostable, as it retains 70% of its activity after 10 min of incubation at 70°C.
Moreover, the ATII-LCL enzyme shows an abundance of acidic amino acids on its
surface, and it has two distinguished short amino acid motifs of four and seven amino
acids, named Box1 and Box2, respectively (30). In the vicinity of these boxes comes a
stretch of four aspartic acids (4D; Asp414 to 417). Interestingly, one of them, Asp417,
can potentially form a salt bridge with the first lysine residue (Lys 432) of Box1 (Fig. 1).

In a previous study, when the Box1 motif was replaced with another set of amino
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acids in a soil ortholog of the enzyme, the salt bridge was lost, minimizing its thermal
stability (30). On the other hand, replacing the Box2 motif further reduced the tem-
perature resistance. Collectively, the removal of both boxes and replacing them with
the corresponding residues in the soil ortholog drastically lowered the heat stability.
Since the substitution of these two boxes affected neither the enzyme’s kinetic param-
eters nor its salinity profile, the two boxes were suggested to be directly involved in the
heat stability of the enzyme (30).

These observations, which emphasize the importance of the boxes and the 4D motif
in stabilizing the enzyme, initiated the current study, which aimed to engineer an
enzyme with enhanced thermal stability.

For this purpose, we created a mercuric reductase library from the ATII LCL of the
Red Sea, in which we identified an enzyme (ATII-LCL-NH) that is devoid of all the acidic
substitutions of the ATII-LCL enzyme and does not have the two signature boxes.
Subsequently, we implemented a rational design approach to generate a more ther-
mostable enzyme by substituting its two signature boxes and the four aspartic acid
residues 414 to 417 of the ATII-LCL enzyme with the corresponding motifs in ATII-LCL-
NH. One of the mutants was more thermostable than both enzymes, as it retained 81%
of its activity after 10 min of incubation at 70°C, relative to 44% and 70% in the cases
of ATII-LCL-NH and ATII-LCL, respectively.

This study presents a novel isoform that is catalytically superior to several mercuric
reductases previously described, rendering it a potentially effective catalyst for the
bioremediation of environmental lethal mercury toxicity.

RESULTS
Establishment of a mercuric reductase PCR library from Atlantis II LCL. Using a

single pair of oligonucleotide primers homologous to a highly conserved area in merA,
we amplified Atlantis II LCL DNA to generate a PCR library of candidate genes. The
sequences of agricultural soil merA (NCBI accession number AEV57255.1) and Tn501
merA (NCBI accession number CAA77323.1) and the merA consensus sequence of
assembled reads (CSAR) from the Atlantis II data set were used to generate oligonu-
cleotide primers for PCR amplification. A single discrete band of approximately 1.7 kb
was obtained, as expected from the merA gene length of 1,686 bp that potentially
codes for full-length MerA of 561 amino acid residues (see Fig. S2 and S3 in the
supplemental material).

The sequencing of the inserted DNA of the forty isolated recombinant plasmids from
the merA library resulted in eight full-length nonredundant mercuric reductase se-
quences (see Fig. S4).

FIG 1 Diagrammatic representation of the salt bridge between Lys432 of Box1 and Asp417 in the
ATII-LCL MerA enzyme model. (A) A MerA monomer in which Box1 (random coiled loop), Box2 (beta
sheet), and 4D are shown in purple. (B) Enlargement of the area containing Box1 and the 4D residues.
(C) The two amino acid residues involved in the potential salt bridge in the ATII-LCL MerA enzyme.
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Very few amino acid differences (ranging from 1 to 4 substitutions) were detected
upon translating the DNA sequences. The sequence designated ATII-LCL-NH has a high
similarity to the well-characterized mercuric reductase Tn501, with only one amino acid
difference at position 386: an alanine residue instead of a valine in Tn501. This sequence
was also previously obtained from a separate library. The observed few substitutions
were not in the redox active or mercury-binding cysteine residues. Therefore, one of
them, ATII-LCL-NH, was chosen to be the backbone for mounting all the mutants
generated in this work.

Generation of MerA mutants using site-directed mutagenesis. The ATII-LCL-NH
protein was found to be different by just one amino acid residue from the well-
characterized Tn501 MerA. Its sequence is missing all the acidic amino acids, including
the two boxes responsible for the thermostability of the MerA ATII-LCL (30) (Fig. 2). The
ATII-LCL-NH sequence was therefore selected to introduce sequences from the ATII-LCL
MerA that were shown to affect, or have the potential to affect, the thermostability of
the protein.

Three mutants were generated by site-directed mutagenesis. All involved the four
aspartic acids at positions 414 to 417 and the two boxes (Fig. 3). The substituted amino
acid of each mutant and its corresponding residue in ATII-LCL-NH are shown in
Table 1.

Expression and purification of ATII-LCL-NH and its mutants. The ATII-LCL-NH
gene was expressed in Escherichia coli BL21 cells under the control of the T7 promoter
in the pET-SUMO expression vector at 37°C. Similar levels of MerA protein yield were
obtained by inducting the recombinant protein at different IPTG (isopropyl-�-D-
thiogalactopyranoside) concentrations: 0.1, 0.2, or 0.5 mM IPTG (see Fig. S5). Moreover,
the maximum level of expression of the recombinant protein did not change with the
timing of induction.

FIG 2 Pairwise alignment of MerA ATII-LCL and ATII-LCL-NH. The amino acids different in ATII-LCL compared with
ATII-LCL-NH are in red. The NmerA domain (55) is overlined in green. The dimerization domain (61) is overlined in purple.
The cysteine pairs 11/14 and 558/559, which are responsible for Hg2� binding, and the cysteine pair 136/141 involved in
the catalytic site are highlighted in yellow. Positions of the amino acids involved in the mutations performed in this work
are in black boxes.
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The protein was expressed in the soluble cellular fraction of the cell lysate. However,
mutant enzymes (4D and 4DB1B2) were only expressed in the soluble fraction after an
overnight induction with 0.1 or 0.2 mM IPTG at 24°C. Their expression for 2 h at 37°C
resulted in the formation of inclusion bodies. This might be explained in the context of
their thermal stability behavior. Those mutants precipitate and become inactivated by
heat (see Fig. 4). The purification procedure was applied successfully with MerA
ATII-LCL-NH and its mutants.

Two column chromatography methods were used in the purification process,
namely, HisTag affinity chromatography and size exclusion on Superdex 75. The elution
profiles obtained from the two column chromatography methods were similar for MerA
ATII-LCL-NH and its mutants. Therefore, only the results from the purification of MerA
ATII-LCL-NH are presented in Fig. S6 to S9. The process yielded 10 to 12 mg pure
protein/liter of induced bacterial culture.

Effect of NaCl on the activity and kinetic parameters of ATII-LCL-NH and its
mutants. The ATII-LCL-NH enzyme and its mutants were strongly inhibited by NaCl.
Although all the mutants were inhibited by NaCl, a slight difference in the degree of
inhibition was noticed between the different mutants (Table 2).

The kinetic parameters of ATII-LCL-NH, 2D, 4DB1B2, 4D, and 4DB1B2 mutants were
determined. The specific activities, the affinity to the substrate (Hg), and the catalytic
efficiency—measured as kcat/Km—were very similar for the ATII-LCL-NH, 2D, 4D, and
4DB1B2 enzymes (Table 3). The 2D mutant showed a specific activity of 10.95 �mol/
min/mg, Km of 10.96 �M, kcat of 12 s�1, and a kcat/Km of 1.1.

Thermal stability of ATII-LCL-NH merA and its mutants. Although the ATII-
LCL-NH enzyme was missing the two boxes and all the acidic residues present in its
ATII-LCL homolog, it still retained 81% residual activity at 60°C. The residual activities of
the enzymes were measured after incubating for 10 min at the corresponding tem-
perature. The values (residual activity) were relative to those obtained after incubating
at 25°C for 10 min.

However, the ATII-LCL-NH enzyme was remarkably less stable at 70°C than ATII-LCL,
as it retained 44% of its activity relative to 70% residual activity in the case of ATII-LCL.
The 4D mutation caused severe instability of the mutant toward heat treatment. The
4DB1B2 mutant, unexpectedly, was also as severely unstable to heat as the 4D mutant
(Fig. 4).

FIG 3 Diagram of the mutations shown in Table 1. Yellow spheres represent the cysteine residues
involved in binding and reduction of Hg2�; red spheres represent aspartic acid residues; blue rectangles
are Box1 and Box2. For simplicity, the mutants ATII-LCL-NH/2D, ATII-LCL-NH/4D, and ATII-LCL-NH/
4DB1B2 are referred to as 2D, 4D, and 4DB1B2, respectively.

TABLE 1 Mutations to replace residues from ATII-LCL-NH with their corresponding amino
acids in the ATII-LCL enzyme

Mutation

Amino acid residues in:

ATII-LCL-NH ATII-LCL

2D 415AA416 415DD416

4D 414AAAA417 414DDDD417

4DB1B2 414AAAA417/432LDLT435/465DSRTLT470 414DDDD417/432KPAR435/465KVGKFP470
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Surprisingly, in comparison with both ATII-LCL-NH and ATI-LCL, the 2D (aspartic acid
415 and 416) mutation alone increased the thermostability of the molecule, as it
retained 81% of its activity after 10 min of incubation at 70°C. Interestingly, the catalytic
efficiency (kcat/Km) of the heat-stable 2D mutant was much higher than that of the
recently reported Metallosphaera sedula MerA (31) and Lysinibacillus sphaericus MerA
(32), which makes it a better candidate for mercuric bioremediation.

We therefore computationally analyzed the hydrogen and ionic bonds present in
the ATII-LCL-NH dimer and compared them with the same bonds in the 2D, 4D, and
4DB1B2 mutants to determine the effects of the 2D mutation on increasing the stability,
the 4D mutation on the destabilization of the molecule to heat, and the two boxes
together with the 4D mutation.

The hydrogen bonds between the amino acid side chains, within the MerA dimer
molecules, were computed using the Hydrogen Bond Calculator version 1.1 web server
(http://cib.cf.ocha.ac.jp/bitool/HBOND/) (33, 34).

We did not observe a direct relation between the total hydrogen bonds in the
molecules and the observed stabilities of the mutants compared to those of the
ATII-LCL-NH protein. A clear difference that correlated with the heat stabilities was
observed by comparing the loss and gain of hydrogen bonds between the ATII-LCL-NH
enzyme and its mutants (see Fig. S10).

The 2D mutant lost 26 hydrogen bonds present in ATII-LCL-NH and gained 42 new
hydrogen bonds, whereas the 4D mutant, which is unstable to heat, lost 69 hydrogen
bonds and gained 90 new hydrogen bonds. In the case of the 4DB1B2 mutant, the loss
and gain of hydrogen bonds were very prominent, since 174 bonds were lost and the
molecule gained 150 newly established hydrogen bonds (see Fig. S11).

The salt bridges in ATII-LCL-NH and its mutants were also analyzed using the web
server for evaluating salt bridges in proteins (http://bioinformatica.isa.cnr.it/ESBRI/
introduction.html) (35). In comparison with ATII-LCL-NH, the introduction of the 2D or
the 4D mutation increased the salt bridges by 6 or 7 bridges, respectively (Fig. S11).

A ConSurf (36) analysis of the evolutionary conservation of the mutated amino acid
positions indicated that Ala414 is the most conserved among homologous mercuric
reductases, while Ala416 is more variable (see Fig. S12).

DISCUSSION

The Atlantis II LCL of the Red Sea is a unique environment characterized by high
temperature, salinity of 4.4 M, very low oxygen concentration, low pH of 5.3, and high
concentrations of toxic heavy metals. Biocatalysts isolated from such an environment
could have valuable applications in industry and bioremediation. In a previous work
(30), a thermostable mercuric reductase that is activated by NaCl, MerA ATII-LCL, was
isolated from the ATII LCL environment. It is characterized by the abundance of acidic
amino acids, most notably on the surface of the molecule, and has two signature boxes

TABLE 2 Residual activities of ATII-LCL-NH and its mutants at 0.5 M NaCl

MerA isoform Residual activity at 0.5 M NaCl (%)

ATII-LCL-NH 55 � 4.6
2D 56 � 3.9
4D 27 � 6.5
4DB1B2 29 � 5.5

TABLE 3 Kinetics data of ATII-LCL-NH, 2D, 4D, and 4DB1B2 mutantsa

MerA isoform Sp act (�mol/min/mg) Km (�M) Vmax (�mol/min/mg) kcat (s�1) kcat/Km

ATII-LCL-NH 10.96 � 0.74 11.25 � 0.71 14.21 � 0.81 12.25 � 1.2 1.1
2D 10.95 � 0.58 10.96 � 0.82 14.05 � 0.73 12 � 1 1.1
4D 11.1 � 0.6 13.9 � 1.35 15.09 � 0.93 12.6 � 1.4 0.9
4DB1B2 10.9 � 0.68 12.8 � 0.93 14.4 � 0.78 12.4 � 0.98 0.96
aData were determined by Lineweaver-Burk (double reciprocal plot) and GraphPad Prism software (GraphPad, La Jolla, CA, USA).
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in close proximity to a four-aspartic-acid motif that might form a potential salt bridge
with Box1. Substitution of the two boxes was shown to drastically lower the enzyme’s
thermal stability.

Towards engineering an enzyme variant with enhanced thermal stability, we con-
structed a mercuric reductase library from the Atlantis II brine LCL. Of the 40 clones
sequenced, we obtained 8 full-length nonredundant sequences, yet very few differ-
ences between the 8 sequences were observed. We selected an ortholog from the same
environment as a template to study the effects of the two signature boxes and the
short aspartic acid motif.

The selected template lacks the acidic amino acids and the signature boxes found
in the ATII-LCL MerA enzyme. It is also one amino acid different than the well-studied
Tn501 MerA. We used site-directed mutagenesis to replace the two boxes, the four-
alanine motif of the ATII-LCL-NH with the corresponding signature boxes, and the
four-aspartic-acid motif of the ATII-LCL MerA. The ATII-LCL-NH enzyme and its mutants
were purified on a HisTrap affinity column followed by a Superdex75 size exclusion
column. A yield of 10 to 12 mg of pure protein was obtained per liter of induced
bacterial culture. We noticed that induction at 37°C of the 4D and 4DB1B2 mutants
resulted in the precipitation of the proteins and the formation of inclusion bodies. This
might be explained by the heat sensitivity of these two mutants. Therefore, all the
mutants in this work were induced at 24°C overnight.

A previous work with MerA ATII-LCL revealed that the enzyme has distinguished
properties, is activated by NaCl in a salt-dependent manner, and attains its highest
activity in the presence of 4 M sodium chloride (30). This high molarity of sodium
chloride is similar to the salinity of the ATII LCL environment. In contrast to the ATII-LCL
enzyme, the ATII-LCL-NH homolog described in this work did not show an increase in
acidic and polar uncharged side chains at the expense of hydrophobic amino acids, a
characteristic of nonhalophilic proteins (30, 37–40).

To examine the responses of the ATII-LCL-NH protein and its mutants to NaCl, we
assayed the enzymes’ activity in the presence of increasing concentrations of NaCl. As
expected from their amino acid compositions, the ATII-LCL-NH enzyme and its mutants
were strongly inhibited by NaCl. The kinetic parameters of the NaCl-inhibited ATII-
LCL-NH protein and the 2D, 4D, and 4DB1B2 mutants were determined. The specific
activities, affinity to the substrate (Hg), and efficiency (measured as kcat/Km) were very
similar for the ATII-LCL-NH, 2D, and 4D enzymes. This result indicates that the different
degrees of NaCl inhibition of the three MerA enzymes are not due to changes of the
affinity of the enzymes to the substrate or the efficiency of the catalytic process. Of
note, activity assays and kinetic experiments for ATII-LCL MerA were performed at
concentrations of 0.5 M and 4 M NaCl (30) and thus cannot be compared to our assays
in the absence of inhibitor NaCl, while the temperature stability analyses for all our
mutants, and the previously described ATII-LCL, were performed in the absence of salt
and could thus be compared.

FIG 4 Thermostability of ATII-LCL-NH and its mutants. The enzymes were incubated at the indicated
temperatures for 10 min, and the residual activities were measured under standard assay conditions (see
Materials and Methods for details).
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Interestingly, the 2D MerA mutant had superior catalytic properties to numerous
reported mercuric reductase enzymes. The 2D mutant had a kcat/Km of 1.1 �M�1 · s�1,
compared to 0.6 �M�1 · s�1 for Lysinibacillus sphaericus MerA and 0.15 �M�1 · s�1 for
Metallosphaera sedula MerA (31). The specific activity of the 2D mutant was 10.95 �mol/
min/mg, compared to 1.9 �mol/min/mg for M. sedula MerA (31) and 9 �mol/min/mg
for Klebsiella pneumoniae MerA (41) under similar assay conditions.

It is worth noting that Box1 and Box2 each have one proline residue. Proline is
known to reduce the structural flexibility of polypeptide regions containing it (42–44).
It is proposed that certain proline substitutions at critical sites on a protein backbone
account for the rigidity and restriction of polypeptide flexibility and therefore improve
protein thermal stability in a cumulative manner (43, 44). Conversely, proline substitu-
tions at undesirable sites result in a disruption of conformation and lowered protein
thermal stability (45); thus, site-specific mutation and/or replacement has to be taken
into consideration when engineering a thermostable enzyme (46).

Salt bridge formation or disruption in site-directed mutagenesis studies may im-
prove or lower thermal stability depending on the location of the bridge and its
geometry (35, 47). In fact, modeling the three-dimensional structure of the MerA
ATII-LCL indicated the presence of a salt bridge between Lys432 in Box1 (a random
coiled loop) and Asp417 located in the stretch of the 4D residues (Asp414 to 417). The
presence of this salt bridge suggests a possible involvement of this interaction in the
thermal stability of ATII-LCL. To examine if the two boxes and the 4D residues increase
the thermostability of ATII-LCL-NH, we examined the thermostabilities of the estab-
lished set of mutants in which the two boxes (Box1 and Box2) and the 4D substituted
for their corresponding residues in the ATII-LCL-NH. Interestingly, in comparison with
ATII-LCL-NH, the 2D mutation (Asp415 and 416) alone increased the thermostability of
the molecule, whereas the 4D mutation caused severe instability of the mutant toward
heat treatment. The 4DB1B2 mutant, however, was as severely unstable to heat as the
4D mutant.

Modeling the three-dimensional structure of the 4DB1B2 mutant indicated that the
salt bridge between Lys432 in Box1 and aspartic acid 417 of the 4D was indeed
established. This suggests that this salt bridge did not change or alter the negative
behavior of the 4DB1B2 mutant molecule toward heat stability. We computationally
analyzed the hydrogen and ionic bonds present in the ATII-LCL-NH dimer and com-
pared it with those in the 2D, 4D, and 4DB1B2 mutants to determine the effects of the
2D mutation on increasing the stability, the 4D mutation on its destabilization of the
molecule to heat, and the two boxes together with the 4D. The hydrogen bonds and
salt bridges helped stabilize the protein molecules by optimizing the secondary struc-
ture interactions and subunit associations to form more stable tertiary and quaternary
structures (48). There is no direct relation between the total hydrogen bonds in the
molecules and the observed stabilities of the mutants compared to that of the
ATII-LCL-NH. A clear difference that correlated with the heat stabilities was observed by
comparing the loss and gain of hydrogen bonds between the ATII-LCL-NH and its
mutants.

Analyzing the Venn diagram of these results showed that the 45 hydrogen bonds
present in the ATII-LCL-NH and the 2D mutant are missing in the 4D heat-labile
molecule. In addition, of the 42 newly formed hydrogen bonds in the 2D mutant, 28
were shared with the 4D heat-labile mutant and 14 were specific to the 2D heat-stable
mutant. Moreover, 62 hydrogen bonds were specific to the 4D mutant. These results
nominate the 45 hydrogen bonds lost from the 4D mutants and the 62 newly formed
hydrogen bonds in the 4D mutant as potential candidates for destabilizing the mole-
cule, turning it into a heat-labile structure. In support of this potential proposition, 52
of the 62 hydrogen bonds are still present in the 4DB1B2 thermolabile mutant, and the
45 hydrogen bonds shared between the ATII-LCL-NH and the 2D mutant are absent in
both 4DB1B2 and 4D mutants.

In comparison with ATII-LCL-NH, the introduction of the 2D or the 4D residues
increased the salt bridges by six or seven bridges, respectively. Note that the six new
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salt bridges in the 2D mutant are also shared with the 4D mutant. Since the introduc-
tion of the 2D residues did not cause a loss of the molecule’s thermostability, those six
salt bridges most probably did not contribute to the dramatic decreases of the
thermostability in the 4D mutant. The only difference that potentially explains the
extreme heat sensitivity of the 4D mutant is the one salt bridge that is specific for this
mutant. Salt bridge formation or disruption in site-directed mutagenesis studies may
improve or lower thermal stability depending on the location of the bridge and its
geometry (35, 47). Although the 4DB1B2 mutant did not gain this unique salt bridge,
it gained 16 salt bridges that are not present in the thermostable ATII-LCL-NH molecule
and the 2D mutant.

A ConSurf analysis (36) highlighted the correlation between evolutionary conserva-
tion and the positions of each amino acid in homologous mercuric reductase proteins.
We observed that Ala414 of the ATII-LCL-NH MerA enzyme is the most conserved (Fig.
S12 in the supplemental material, dark purple in the alignment), while Ala415 is less
conserved (Fig. S12, light purple), and Ala416 is average (Fig. S12, white). Given that
Ala415 and 416 are the residues of the 2D mutant which were replaced with aspartic
acids and showed the highest heat stability, this might explain, together with the salt
bridges and hydrogen bond analysis, the elevated heat stability of the 2D mutant and
the noticeable temperature sensitivity of the 4D mutant.

In conclusion, both mercuric reductases isolated from the same environment dem-
onstrated the complexity by which an enzyme adapts to several abiotic stressors
simultaneously. The disruption of the geometry and balanced interactions of the
ATII-LCL-NH enzyme and its mutants might explain the remarkable alteration of heat
stability.

A molecule behaves as a unit and requires favorable conformation and interactions
with the solvent to impart stability toward heat. Accordingly, we here report the
generation of a novel heat-stable mercuric reductase with superior catalytic properties
compared to those of previously characterized enzymes. This enzyme could be used in
the bioremediation of mercurial toxicity.

MATERIALS AND METHODS
Sample collection and DNA extraction. Water samples were collected from the ATII brine pool of

the Red Sea at a depth of 2,200 m. The Atlantis II brine pool is located at 21°20.760=N, 38°04.68=E (49)
between Saudi Arabia and Sudan (50). According to the oxygen content, salinity, and temperature, the
ATII depression is divided into four layers: three upper convective layers (UCL-1 to UCL-3) and a lower
convective layer (LCL) (2). Samples were collected in March/April 2010 during the expedition of the
research vessel Aegaeo as part of the collaboration between King Abdullah University for Science and
Technology (KAUST) and Woods Hole Oceanographic Institution (WHOI). A rosette of Niskin bottles
connected to a conductivity, temperature, and depth device was lowered to the lower convective layer
of the Atlantis II brine pool. Water samples from this layer were serially filtered through a 0.3-�m filter,
a 0.8-�m filter, and a 0.1-�m cellulose-ester filter (Millipore) and stored in sucrose buffer. Collective DNA
was extracted in our laboratory using a marine DNA isolation kit (Epicenter) as described in detail in
reference 30.

Establishment of mercuric reductases library from ATII LCL. To design primers for amplification,
we performed multiple sequence alignment of agricultural soil MerA (NCBI accession number
AEV57255.1), Tn501 MerA (NCBI accession number CAA77323.1), and a consensus sequence of assembled
reads (CSAR) using Multalin (51). The CSAR was obtained by screening an established metagenomics
library from the lower convective layer of Atlantis II for mercuric reductase sequences. The designed
primer pairs started with the ATG start codon of the forward primer and ended with the TGA stop codon
of the reverse primer. Two perfectly matching primers were synthesized accordingly: MerA-F, 5=-ATGA
CCCATCTAAAAATCACCGGCATGACTTG-3=, and MerA-R, 5=-TCACCCGGCGCAGCAGGAAAGCTGCTTC-3=.
PCR was performed on environmental DNA isolated from Atlantis II LCL with Phusion high-fidelity DNA
polymerase (Thermo Scientific, MA, USA) at a concentration of 1 U/50 �l reaction mixture as follows: 5�
HF reaction buffer (containing MgCl2 7.5 mM) to a final concentration of 1�, 0.3 �M primers, 0.3 mM
deoxynucleoside triphosphates (dNTPs), 100 ng DNA, and 3% dimethyl sulfoxide (DMSO). Thirty cycles
were performed in a Veriti thermal cycler (Applied Biosystems, CA, USA) as follows: 30 s for denaturing
at 95°C, 30 s for annealing at 70°C, 1.5 min for extension at 72°C, followed by a final extension step of
7 min at 72°C. The band of interest was excised from the gel and purified by the QIAquick PCR
purification kit (Qiagen, MD, USA). The purified PCR fragments were ligated overnight at 15°C into the
pGEM vector (Promega, WI, USA) according to the manufacturer’s manual.

Plasmids were transformed into XL-1 Blue cells and plated on Luria Bertani (LB) plates containing
100 �g/ml ampicillin, which were incubated overnight at 37°C. Forty random colonies were picked, and
each was grown in 5 ml LB broth supplemented with 100 �g/ml ampicillin and shaken at 220 rpm
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overnight at 37°C. Glycerol stocks were made and stored at �80°C. Plasmids were extracted with a
PureYield plasmid miniprep kit (Promega, WI, USA). Sanger dideoxy sequencing from both ends was
performed using the T7 and SP6 pGEM universal primers (Macrogen Korea Laboratory). This custom-
made gene was synthesized at GenScript (NJ, USA) in order to optimize codon usage and GC content and
to increase expression levels in the host Escherichia coli. The synthesized gene was cloned into Champion
pET SUMO (Invitrogen, CA, USA) and transformed into BL21(DE3) cells for expression. This gene was used
to generate all the mutants in this work. NCBI BLASTp (52) shows that its closest match is Aquabacterium
parvum (53). It is a Gram-negative Betaproteobacteria.

Generation of MerA mutants using site-directed mutagenesis. The codon-optimized ATII-LCL-NH
mercuric reductase gene was used as the template to generate the mutants described in this work.
Mutagenic primers were generated using the web-based QuikChange primer design software (http://
www.agilent.com/genomics/qcpd). The QuikChange II site-directed mutagenesis kit (Agilent, CA, USA)
was used to create the various mutants addressed in this paper as recommended in the instruction
manual. The annealing temperatures (Ta) were calculated to be 77.5°C for the Box1 primer, 77.2°C for
Box2, 75.4°C for 2D, and 75.1°C for 4D. The mutant genes were cloned into the pGEM vector (Promega,
WI, USA) for propagation and further sequencing and into the pET SUMO vector (Invitrogen, CA, USA) for
expression. The primer sequences used to generate each of the mutants are as follows: 4D sense,
5=-GACCAACCGCAGTTTGTCTACGTGGATGATGATGATGGTACCCGTGCAGCAATCAACATG-3=; 4D antisense,
5=-CATGTTGATTGCTGCACGGGTACCATCATCATCATCCACGTAGACAAACTGCGGTTGGTC-3=; 2D antisense,
5=-TTGCTGCACGGGTACCAGCATCATCTGCCACGTAGACAAACTG-3=; 2D sense, 5=-CAGTTTGTCTACGTGGCA
GATGATGCTGGTACCCGTGCAGCAA-3=; Box1 sense, 5=-CAACATGACGGGCGGTGATGCAGCTAAGCCCGCGA
GGGCAATGCCGGCTGTGGTTTTC-3=; Box1 antisense, 5=-GAAAACCACAGCCGGCATTGCCCTCGCGGGCTTAG
CTGCATCACCGCCCGTCATGTTG-3=; Box2 antisense, 5=-GGGCACGCGGCACGTTATCCAGGGGGAACTTACCG
ACCTTGGTTTCAATGCCATCGTGATGCGC-3=; Box2 sense, 5=-GCGCATCACGATGGCATTGAAACCAAGGTCGG
TAAGTTCCCCCTGGATAACGTGCCGCGTGCCC-3=.

Expression and purification of recombinant MerA isoforms. An overnight culture of transformed
E. coli BL21(DE3) cells harboring the recombinant plasmid (carrying the merA isoform) was diluted 50
times in fresh LB medium supplemented with 20 �M flavin adenine dinucleotide (FAD) and 50 �g/ml
kanamycin. The expression of recombinant enzymes was induced at an optical density at 600 nm (OD600)
of 0.6 by the addition of IPTG to a final concentration 0.2 mM overnight at 24°C. Cultures were
centrifuged, resuspended in lysis buffer (20 mM phosphate buffer [pH 7.4] containing 1 mM EDTA, 2 mM
�-mercaptoethanol, 50 �M FAD, 1 mM protease inhibitor phenylmethylsulfonyl fluoride [PMSF], 1%
Triton X-100 [vol/vol], 40 mM imidazole, and 0.2 mg/ml lysozyme [31]), and incubated for 30 min at room
temperature. The sample was then sonicated three times for 30 s on ice in a Branson Sonifier 150 at an
output power of 5. Cellular debris was removed by centrifugation at 14,000 � g for 45 min at 4°C.

The clear supernatant was filtered through a 0.2-�m syringe filter and applied to a preequilibrated
1-ml His-Trap HP column (GE Healthcare, IL, USA) at a flow rate of 1 ml/min using the AKTA purifier
instrument (UNICORN version 4.0, Pump P-950, and Frac-950). The wavelength detector was adjusted to
280 and 450 nm. The protein was then eluted from the column using 500 mM imidazole at a rate of
0.5 ml/min. The elution continued until no detectable reading was observed at 280 and 450 nm, and the
fractions were collected. SDS-PAGE was used to analyze the eluted fractions for the presence of the
desired band on a 10% gel.

Fractions containing the desired band were pooled and slowly passed on a preequilibrated 24-ml
Superdex 75 10/30 gel filtration column (GE Healthcare, IL, USA) at a flow rate of 0.5 ml/min to remove
excess FAD and further purify the protein. The protein was eluted with 1� phosphate-buffered saline
(PBS) (2 mM KCl, 137 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4). Fractions were collected and analyzed
on a 10% SDS-PAGE gel, and the fractions containing the desired band were pooled. The protein sample
was concentrated in Amicon Ultra-4 10K centrifugal filters (Millipore, MA, USA) to a final concentration
of 30 mg/ml and stored in aliquots at �80°C until further use. The protein concentration was determined
by a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, MA, USA).

Mercuric reductase activity assay. Routine enzyme assays were performed in triplicates at 25°C in
the assay mixture (80 mM phosphate buffer, 1 mM �-mercaptoethanol, 1 mM EDTA, 50 �M HgCl2).
Enzymes were used at 100 �g in a final volume of 1 ml. The reaction was started by the addition of
100 �M NADPH. The enzyme activity was monitored by observing the initial rate of substrate-dependent
NADPH consumption at 340 nm using a Shimadzu UV-1800 spectrophotometer. The unit of activity was
defined as the amount of enzyme that catalyzes Hg2�-dependent oxidation of 1 �mol of NADPH/min
(54). Kinetic and statistical parameters were calculated using GraphPad Prism software (GraphPad, La
Jolla, CA, USA) with a confidence interval of 95%.

Heat stability analysis. Replicate samples of each enzyme were incubated at the designated
temperatures for 10 min in a Veriti thermal cycler (Applied Biosystems, CA, USA) and then dipped
immediately on ice. The vials were spun down to separate any precipitated protein, and the clear
supernatant was taken. The residual activity was then measured by the addition of the heated enzyme
to the reaction mixture as previously described. The results are expressed relative to the activity observed
after incubating for 10 min at 25°C (30).

Salt tolerance analysis. Replicate samples of each enzyme were added to the standard reaction
mixture containing the selected concentrations of NaCl. The reaction was started by the addition of
100 �M NADPH. The initial rate of NADPH oxidation was measured. The percentage of inactivation by
NaCl was calculated relative to the enzyme activity in the absence of NaCl. The enzyme activity in the
absence of NaCl was designated 100%.
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Modeling of the three-dimensional structure of the wild-type ATII-LCL-NH enzyme. The amino
acid sequences of the ATII-LCL-NH and other mutants were used to obtain the Protein Data Bank (PDB)
file using the free online software SWISS-MODEL. The three-dimensional structure of ATII-LCL-NH MerA
was built by homology modeling against structures of the N-terminal domain of Tn501 mercuric
reductase (PDB code 2kt2) (55) and the C-terminal core (amino acids 95 to 561; PDB code 1zk7) (56)
domain of the Tn501 mercuric reductase, using SWISS-MODEL (57). Manual inspection of the output was
performed in PyMOL (PyMOL Molecular Graphics System, version 1.5.0.1; Schrödinger, LLC). Rendering of
the final three-dimensional models was performed using PyMOL (58).

Salt bridge and hydrogen bond prediction. The PDB file of the ATII-LCL-NH enzyme and all the
mutants was used as the input file to predict the putative salt bridges between oppositely charged
residues in the entire dimer. A cutoff of 4 Å was used. Potential salt bridges were predicted using the
online software ESBRI (35, 59, 60), available from http://bioinformatica.isa.cnr.it/ESBRI/input.html. Hydro-
gen bonds were predicted with the online software tool available at http://cib.cf.ocha.ac.jp/bitool/
HBOND/ (33, 34), using the default parameters.

Accession number(s). All nucleotide sequences obtained from the merA library were deposited in
NCBI GenBank with accession numbers MF363130 to MF363137. Of note, the accession number of the
gene encoding the main enzyme used in this paper (ATII-LCL-NH) is MF363137.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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