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ABSTRACT: Recovering precious metals from electronic waste (e-
waste) using microbes presents a sustainable methodology that can
contribute toward the maintenance of planetary health. To better
realize the potential of bioremediation using engineered microbes,
enzymes that mediate the reduction of Au(III) to Au(0) have been
the subject of intense research. In this study, we report the successful
engineering of a metal reductase, MerA, whose cognate substrate is
mercury(II), toward other precious metals such as Au(III) and Ag(I).
The engineered variant, G415I, exhibited a 15-fold increase in
catalytic efficiency (kcat/KM) in Au(III) reduction to Au(0) and a
200-fold increase in catalytic efficiency in Ag(I) reduction to Ag(0)
with respect to the wild-type enzyme. The apparent shift in preference
toward noncognate metal ions may be attributed to the energetics of
valency preference. The improved Au(III) reductase has an apparent
increased preference toward monovalent cations such as Au(I) and Ag(I), with respect to divalent cations such as Hg(II), the
cognate substrate of the progenitor MerA (an increase in KM of 5.0-fold for Hg(II), compared to a decrease in KM of 5.8-fold for
Au(III) and 1.8-fold for Ag(I), respectively). This study further extends the mechanistic understanding of Au(III) bioreduction that
could proceed through the stabilization of Au(I) en route to Au(0) and suggests that the biosynthesis of Au nanoparticles with high
efficiency can be realized through the engineering of promiscuous metal reductases for precious metal recovery from e-wastes.
KEYWORDS: Au(III) reductase, gold nanoparticles biosynthesis, precious metal recovery, enzyme engineering, e-waste, bioremediation

■ INTRODUCTION
Advancement in technology, coupled with reduced innovation
cycles and rapid development of new electronic devices,
contributed to the increase in electronic waste (e-waste) as
consumers adopted the use of these devices and changed to
newer models more frequently. According to the United
Nations, around 53.6 million metric tons of e-waste are
produced worldwide yearly,1,2 and this figure is projected to
reach 75 million metric tons by 2030.2−4 However, of all the e-
waste generated, only 17% are recycled,1 resulting in an ever-
increasing accumulation of e-waste and calls for more efficient
recycling efforts.
Currently, there are two main steps in e-waste recycling. The

first step is preprocessing, and the second step is end-
processing. For preprocessing, it involves physical methods to
pretreat the e-waste, such as disassembly, shredding, and
mechanical separation. End-processing is a process that
recovers valuable metals such as gold from the pretreated e-
waste. Common end-processing processes are pyrometallurgy
and hydrometallurgy.5 A major drawback in the use of

pyrometallurgy and hydrometallurgy methods is the generation
of hazardous byproducts which have severe adverse environ-
mental impact.3 Consequently, the biometallurgy method,
which uses microbes to leach out valuable metals such as gold
with minimal adverse environmental impact, is gaining
popularity as an alternative end-processing technique.6

However, the method requires improvement in bioleaching
rates, microorganism toxicity tolerance, and substrate specific-
ity for widespread commercial application.5,7

Electronic products comprise a mixture of different precious
metals such as Au, Ag, and Pt.8,9 For example, a printed circuit
board (PCB) is made up of more than 20 types of metals,
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including precious metals.10 The precious metals in e-waste are
the major components of interest to be recovered because of
their abundance in e-waste, scarcity in natural reserves, and
increasing market value.3,5 However, the complexity of e-waste
makes it difficult to develop a processing method to recover all
precious metals.3,11 Hence, it would be advantageous if a
microbial host expressing a desired enzyme could participate in
the recovery of precious metals of interest from the e-waste. An
enzyme is an efficient biocatalyst that lowers the activation
energy of a reaction that converts a specific (or at most a few
similar types) substrate to a product.12 In order to achieve the
goal of developing an enzyme for the recovery of several
different precious metals from e-waste, deliberate efforts would
have to be made to obtain an enzyme that is both promiscuous
(and thereby increasing the range of precious metal substrates)
and efficient (in terms of biocatalytic reduction of X (N ≥ 1)
to X (0) for recovery, where X can be Au, Ag, Pt, etc.). This
will involve the engineering of a progenitor enzyme, a metal
reductase, that can be catalytically reactive toward several
metal ions.
The choice of a progenitor enzyme can be made on the basis

of known substrate specificity, such as the selection of a gold
reductase13 as the starting enzyme template and with the
expectation of the associated reduction of Au(III) to Au(0).
However, the promiscuity of this enzyme on other precious
metals was not demonstrated, and it is not as well studied as
other metal reductases. Hence, we chose a metal reductase
such as mercury reductase MerA, that is well studied and
characterized and has been previously shown to exhibit
promiscuous reduction activity, as the progenitor.14 MerA
functions as a homodimeric enzyme where its catalytic core has
two interfacial active sites.15 Its physiological catalytic activity
is to detoxify and reduce Hg(II) to Hg(0), which will be
relatively unreactive and exit cells passively and safely.15

Previous studies have shown that incubating the cell-free
extracts of P. aeruginosa with Au(III)-containing solution led to
the formation of gold nanoparticles, which has been
hypothesized to be attributed to the presence of endogenous
MerA enzyme in the extract.16,17 This suggests that MerA may
exhibit promiscuous metal ion-reducing activity toward gold
ions and reduce Au(III) to Au(0), generating gold nano-
particles.
Gold nanoparticles are widely used in medical and

nonmedical applications, ranging from photothermal cancer
therapy, protein labeling to electronic chips,18,19 making this
versatile material to be highly sought after. However, high
labor and manufacturing cost of producing gold nanoparticles
have driven its price to 450-fold of gold bullion’s value.20 The
use of metal reductases on e-waste to recover precious metal
gold has the potential to increase the supply of gold

nanoparticles in a sustainable manner; hence, there is a
distinct economic and environmental advantage in engineering
a metal reductase for gold recovery from e-waste.
In this study, we examined MerA’s suitability as a metal

reductase including the formation of gold nanoparticles from
Au(III) ions. We demonstrated the feasibility of engineering a
promiscuous MerA for increased preference toward precious
metal substrates such as Au(III) and Ag(I). We propose the
possible mechanistic implication of the increased catalytic
activity of a G415I variant on Au(III). This work also suggests
a tractable route in engineering a promiscuous metal reductase
for precious metal recovery from e-waste and is an important
step toward developing biobased sustainable solutions that can
advance biometallurgical recycling of e-waste.

■ RESULTS AND DISCUSSION

Promiscuity of MerA Variants

E-waste is made up of different materials, and the composition
is usually complex. To recover several metals from e-waste
using a single enzyme, we examined several MerA orthologues
originating from different organisms to determine the range of
enzyme−substrate promiscuity. We are interested in identify-
ing a naturally occurring MerA with the highest gold reduction
potential and further engineering selected MerA to improve its
catalytic activity on selected metal ions. Using MerA from P.
aeruginosa as a query sequence in enzyme function initiative−
enzyme similarity tool (EFI-EST), a sequence similarity
network (SSN) was generated.21 An alignment score threshold
of 81, corresponding to approximately 40% sequence identity,
was used. Orthologs with 39−95% sequence identity to query
sequence, annotated as mercuric reductase A, and have
protein-level evidence were selected (Table S1: Protein
sequence of MerA and its variant G415I). MerA genes from
P. aeruginosa, B. cereus, and A. ferrooxidans (Table S1) were
expressed and purified in E. coli cells. The activity of each
MerA was then tested on 15 different metal substrates that are
commonly found in e-waste22,23 (Figure S1: Reaction
schematic of MerA and its variants and list of metal ion
substrates tested). Reactions of 50 μL were set up containing
100 mM KH2PO4 (pH 7.6), 0.4 mM NADPH, 0.02 mM MerA
or other variants, and varying concentrations of metal ions
(0.01−1 mM) (Figure S1). Enzyme kinetics were determined
by monitoring NADPH oxidation at 340 nm and 25 °C. The
rate of NADPH oxidation is directly proportional to the rate of
metal ion reduction. Using a nonlinear regression fit to
Michaelis−Menten conditions, kinetic parameters were esti-
mated based on the measured initial velocity of NADPH
oxidation. Out of the 15 metal ions tested, eight of them were
determined to act as substrates for MerA, and the catalytic

Table 1. Kinetic Parameters for MerA from P. aeruginosa, B. cereus, and A. ferrooxidans on Different Metal Substrates

enzyme substrate ions

parameter

kcat (s−1) KM (μM) kcat/KM (M−1 s−1)

MerA P. aeruginosa Hg(II) 15 ± 5.1 96 ± 58 (15 ± 7) × 104

Au(III) (27 ± 3.0) × 10−3 290 ± 85 91 ± 32
Ag(I) (0.25 ± 0.1) × 10−3 460 ± 350 0.54 ± 0.30
Pd(II) (0.14 ± 0.06) × 10−3 470 ± 340 0.30 ± 0.17
Pt(IV) (0.11 ± 0.01) × 10−3 250 ± 76 0.44 ± 0.18
Cd(II) (0.09 ± 0.04) × 10−3 1091 ± 978 (0.79 ± 0.44) × 10−1

B. cereus Cr(III) (3.5 ± 0.5) × 10−3 740 ± 200 4.8 ± 2.5
A. ferrooxidans Co(II) (2.3 ± 0.9) × 10−3 1800 ± 990 1.3 ± 0.9
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efficiencies of MerA with respect to each metal ion are shown
in Table 1. From the kinetics data obtained, we could surmise
that MerA from P. aeruginosa is the most promiscuous with
activity measured for reduction of six metal ions, including
gold ions (Table 1). Husseiny and co-workers have
demonstrated that MerA from P. aeruginosa could be
contributing to the formation of gold nanoparticles when
cell-free extracts of P. aeruginosa were incubated with Au(III)-
containing solution.16 This corroborates well with our data, as
MerA from P. aeruginosa has shown the capability of reducing
Au(III) ions (Table 1), and gold nanoparticles could be
observed under transmission electron microscopy (TEM)
(Figure 1A). Furthermore, the formation of a reddish

coloration (Figure 1B) and the presence of an absorbance
peak at 520 nm upon MerA incubation with Au(III) (Figure
1C) indicated the presence of gold nanoparticles, in
accordance with observations in published literature regarding
gold nanoparticle formation.24,25 As MerA from P. aeruginosa
seems to be promiscuous (Table 1), it would be advantageous
to engineer MerA to have increased catalytic efficiency in the
reduction of precious metal ions, such as gold ions and silver
ions. Hence, we focused our efforts on MerA from P.
aeruginosa for subsequent experiments.
Directed Evolution of MerA for Increased Au(III) Reduction
Activity
With MerA from P. aeruginosa as the progenitor template
(termed WT MerA), we created a mutant library using the
deep scanning mutagenesis method (Figure S2: Deep scanning
mutation method in creating a systematic mutant library). A
mutant library of 8873 mutants, consisting of 19 mutations for
each of the 467 residues, was generated and screened for active
variants through directed evolution.26,27 The directed
evolution platform is described in Figure S3 (Schematic of
directed evolution of MerA toward increased Au(III)
reduction activity), and the top 16 active variants were
selected from the screen. These variants were then expressed,
purified, and characterized (Figure S4: SDS-PAGE gel analysis
of the soluble fraction of MerA WT and its variants).
Kinetic Studies of Selected Variants from the Screen
Kinetic parameters of the mutants’ ability to reduce Au(III)
ions were determined using a kinetic assay (Figure S1), and the
results are shown in Figure 2 and Table S2, while the site of

mutation (residue number) for the 16 variants is indicated in
Figure S5 (Mutations and their positions on MerA variants).
All of the variants bear a single substitution mutation, except
for variant A323D*, which has an additional deletion of 42
residues immediately downstream of the A323D substitution;
two of the selected variants have mutations occurring at
residue number 411. The kinetic parameters indicated that
variant G415I has the most improved catalytic efficiency on
Au(III) ions as compared to WT MerA (15-fold improve-
ment); other variants with significant improvement in their
catalytic activities include A323D* (A323D and del324−365,
12-fold), A323D (10-fold), I418D (7-fold), L395G (5-fold),
and A422N (5-fold), which all involve hydrophobic amino
acids, with their side chains being either truncated or changed
to polar or negatively charged ones. When visualized based on
the PDB structure of MerA (PDB 4K7Z), it becomes apparent
that the mutated residues (except for the 42-residue deletion)
do not directly interact with the bound FAD, NADP, or metal
ion (Hg in this case) (Figure 3). The G415I mutation is

Figure 1. Production of gold nanoparticles using MerA. (A) TEM
image of spherical gold nanoparticles obtained from the reduction of
Au(III) using MerA. Scale bar represents 100 nm. (B) Picture
depicting a reddish solution of gold nanoparticles obtained with
MerA. (C) Graph of absorbance against wavelength of the Au(III)
solution (black) and Au(III) incubated with MerA (red).

Figure 2. Kinetic parameters of WT MerA and variants on the
reduction of Au(III) ions. (A) kcat measurements of WT MerA and its
variants. Variant L395G has the highest kcat compared to that of WT
MerA. (B) KM measurements of MerA and variants. Several variants
such as A323D, A323D*, A411C, A414E, G415I, I418D, and A422N
have one of the lowest KM. (C) kcat/KM values of WT MerA and
variants. Variant G415I has the greatest improvement in catalytic
efficiency as compared to WT MerA.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00297
JACS Au 2024, 4, 2335−2342

2337

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00297/suppl_file/au4c00297_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00297/suppl_file/au4c00297_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00297/suppl_file/au4c00297_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00297/suppl_file/au4c00297_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00297/suppl_file/au4c00297_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00297/suppl_file/au4c00297_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00297?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00297?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00297?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00297?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


located at the dimer interface of MerA, on an α-helix that faces
its symmetrical counterpart in the MerA dimer; the
introduction of the bulkier isoleucine side chain at this
position is, therefore, likely to alter the conformation of this α-
helix, which, in turn, leads to modified catalysis at the dimer
interface (see below). The I418D and A422N mutations are at
the back of the same α-helix in a largely hydrophobic
environment; analogous to G415I, introducing charged or
polar residues at these positions is expected to have impacted
the conformation of the α-helix and MerA activity. Similar to
I418D and A422N, the A323D mutation is also at the back of
another interfacial α-helix in the FAD/NADP binding domain
and is located in a region surrounded by hydrophobic residues.
The only beneficial mutation away from the MerA dimer

interface, L395G, is at the hydrophobic core of the reductase
dimerization domain, which could have significant allosteric
influence propagating from the domain to the dimer interface.
Lastly, the simultaneous substitution and deletion observed in
A323D* will undoubtedly alter the intramolecular packing
between the FAD/NADP binding domain and the reductase
dimerization domain, which in turn will change or even abolish
intermolecular interactions between two MerA molecules.
Taken together, an alteration in the dimer interfacial
interaction of MerA seems to be the main reason for the
observed enhanced activity in the reduction of metal ions by
engineered variants.
To examine the impact of the G415I mutation on the

dimerization of MerA molecules, size-exclusion chromatog-
raphy (SEC) coupled with multiangle light scattering (MALS)

was adopted to analyze purified proteins of WT MerA and the
G415I variant. The data obtained from SEC-MALS suggest
that the G415I mutation does not cause significant changes to
the stability of MerA dimers (Figure S6). The eluted dimer
peaks of WT MerA and the G415I variant from SEC show
minimal differences in their retention volume and estimated
mass by MALS (106.8 kDa for the WT vs 107.2 kDa for the
G415I variant). To probe subtle structural alterations
introduced by the beneficial mutations, molecular dynamics
simulations were conducted, and the centers-of-mass of the
two interfacial α-helices were measured (Figure 3 and Table
S3: Averaged distances between MerA interfacial helices over 1
ns molecular dynamics simulations). From the measured
average distances of 3 independent, 1 ns simulations for each
variant, small but reproducible increases in the distance can be
clearly observed for G415I and I418D. Collectively, the
beneficial G415I mutation seems to alter MerA’s activity by
fine-tuning local interactions without causing global disrup-
tions at the dimer interface. We postulate that similar effects
could be exerted by the other beneficial mutations.
The effect of subtle conformational changes at the dimer

interface on the catalytic activity and substrate preference of
MerA can be understood from the cooperativity of the two
MerA molecules during catalysis. Specifically, the C-terminal
cysteine pair of one MerA molecule would capture the
substrate ion, mercury, for example, and pass it through the
dimer interface to the N-terminal cysteine pair of the other
MerA molecule, as proposed by Ledwidge et al.15 Con-
sequently, small conformational changes at the dimer interface,

Figure 3. Positional elements in MerA that enhance Au(III) reduction. The locations of the beneficial mutations on MerA are depicted. The two
MerA monomers in the dimer are shown as ribbons and colored yellow and gray, respectively. The 42-residue deletion in variant A323D* is
colored orange. Side chains of beneficial mutations are shown as sticks and are labeled in the enlarged view. The WT side chains to be mutated are
colored magenta, and the introduced side chain of isoleucine in variant G415I is colored cyan. Bound FAD and NADP are colored green and
shown as sticks on only one monomer for clarity. Bound Hg(II) atoms are shown as spheres and colored purple. The interfacial helices (residues
413−427) harboring the greatest number of beneficial mutations are highlighted in light blue and light green, respectively.

Table 2. Kinetic Studies of WT MerA and Variant G415I on Different Metal Ions

substrate ions MerA enzyme

kinetic parameters

kcat (s−1) KM (μM) kcat/KM (M−1 s−1)

Hg(II) WT 15 ± 5.10 96 ± 58 (15 ± 7) × 104

G415I (14 ± 0.06) × 10−3 470 ± 340 30 ± 1.7
Au(III) WT (27 ± 3) × 10−3 290 ± 85 (0.91 ± 0.32) × 102

G415I (6.8 ± 0.3) × 10−2 50 ± 11 (1.35 ± 0.27) × 103

Ag(I) WT (0.25 ± 0.1) × 10−3 460 ± 350 0.54 ± 0.3
G415I (2.9 ± 0.3) × 10−2 260 ± 45 110 ± 1.2
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which translate to modest perturbations to the association of
the dimer, could significantly impact upon the distances and
geometries of MerA’s interfacial active site. In the case of the
beneficial mutations, such changes led to dramatically reduced
activity of MerA toward its cognate substrate Hg(II) ions,
while resulting in enhanced activities toward Au(III) ions and
Ag(I) ions, respectively. While the former (reduction of Hg(II)
ions) may be tractably comprehended, the latter (reduction of
Au(III) ions and Ag(I) ions) is more elusive and awaits further
investigations. It is worth noting that this interfacial active site
of MerA is not an ubiquitous feature among metal reductases:
as an example, the reported Au(III) reductase from Erwinia sp.
IMH, despite being a homodimer like MerA, catalyzes Au(III)
ion reduction within each active site of the monomer without
the involvement of interfacial interactions.13

Kinetic Studies of WT MerA and Variant G415I on Selected
Metal Ions

Kinetic studies of WT MerA and variant G415I on reduction
of Hg(II) ions, Au(III) ions, and Ag(I) ions were carried out,
and the values obtained are shown in Table 2. It was observed
that variant G415I has lower catalytic efficiency for the
reduction of Hg(II) ions by about 4 orders of magnitude as
compared to WT MerA. On the other hand, variant G415I has
demonstrated improved catalytic efficiencies by one and two
orders of magnitude as compared to WT MerA for the
reduction of Au(III) ions and Ag(I) ions, respectively.
A single mutation in variant G415I has altered MerA’s

activity: the engineering of MerA has reduced its substrate
specificity on its natural substrate Hg(II) ions and improved
catalytic efficiency on the reduction of Au(III) ions and Ag(I)
ions. For future work, we could explore combining other
mutations identified in other MerA variants with variant G415I
to find out if there is any synergistic effect toward improving
MerA’s catalytic efficiency on the reduction of Au(III) ions and
Ag(I) ions.
As the reduction of metal ions by MerA variants requires the

cofactor NADPH, it would be more cost efficient if we could
couple this reaction to a NADPH regeneration system.
Enzymes such as phosphite dehydrogenase28 could be
expressed in a single plasmid with genes expressing MerA
variants to provide NADPH regeneration for the metal
reduction reaction performed by MerA variants.
TEM Analysis of Gold Nanoparticles (AuNP)

To further delineate the reduction activity of MerA variant
G415I on Au(III) ions, E. coli cells expressing variant G415I
were separately incubated with Au(III) ion-containing solution
and preprocessed e-waste leachate, respectively. The samples
were analyzed using TEM. Gold nanoparticles of about 100
nm were observed for both substrate solutions (Figure 4). The
shape of the gold nanoparticle observed is a truncated
tetrahedron that could have developed from a single-crystalline
gold nanoparticle seed. This corroborates well with a previous
study by Langille et al., where images of products of the same
reaction were shown to have different particle morphologies,
ranging from pseudospherical seed to icosahedron.29 This
preliminary data support the potential application of
engineered MerA variants on gold recovery and, in particular,
the biomanufacturing of gold nanoparticles from e-waste.
Mechanistic Implications on Au(III) Bioreduction

When visualized based on the PDB structure of MerA (PDB
entry 4K7Z), it becomes apparent that all the beneficial

mutations are located near the MerA dimer interface; the
single substitutions and the additional deletion in A323D
(delΔ324−365) all seem to modulate the interfacial active site
of MerA. This altered active site may cause the MerA variants
to have increased preference toward monovalent cations such
as Au(I) ions and Ag(I) ions with respect to divalent cations
such as Hg(II) ions (Table 2). Indeed, variant G415I has
clearly demonstrated the shift in its valency preference with
concerted improvements for both Au(I) ions and Ag(I) ions
reduction. As Au(I) ions are the most stable form of Au(N)
ions, vis-a-̀vis Au(III), the apparent shift in binding preference
toward monovalent cations for variant G415I, as with the
observed increase in gold reduction, can also be attributed to
the energetics of valency preference. In our experiments, we
used Au(III) ions as the substrate for our enzymatic gold ion
reduction, and this presumably suggests that a possible Au(III)
ion reduction mechanism could proceed as such: from Au(III)
to Au(I) to Au(0).
In conclusion, we have demonstrated that engineering a

promiscuous metal reductase, MerA, toward Au(III) ions has
shifted its substrate preference away from Hg(II) ions. Variant
G415I has shown a decrease in catalytic activity for the
reduction of Hg(II) ions (5000-fold decrease) and an increase
in catalytic activity for the reduction of Au(III) ions (15-fold
increase) and Ag(I) ions (200-fold increase), with the highest
catalytic activity on Au(III) among the three metal substrates.
This observation suggests that the G415I mutation, which is
located at the dimer interface of MerA, might have altered the
dimer formation and brought about a possible increase in the
preference for monovalent cations. This study serves as a
primer for efforts in engineering efficient metal reductases for
precious metal recovery from e-waste. There is the expectation
that future work can be expanded toward improvements in
biometallurgy metal recovery technologies.

■ MATERIALS AND METHODS

Strains, Reagents, and Metal Substrates
Cadmium chloride (CdCl2), chromium(III) chloride hexahydrate
(CrCl3 · 6H2O), chromium(VI) oxide (CrO3), cobalt(II) chloride
hexahydrate (CoCl2 · 6H2O), copper(II) sulfate pentahydrate
(CuSO4 · 5H2O), gold(III) chloride (AuCl3), iron chloride (FeCl3),
manganese(II) chloride tetrahydrate (MnCl2 · 4H2O), mercury(II)
chloride (HgCl2), nickel(II) chloride hexahydrate (NiCl2 · 6H2O),
palladium(II) chloride (PdCl2), platinum(IV) chloride (PtCl4),
potassium tetrachloroplatinate (II) (K2PtCl4), silver nitrate
(AgNO3), and zinc chloride (ZnCl2) were obtained from Sigma-
Aldrich Co. (St. Louis, Missouri, USA). Reduced β-nicotinamide
adenine dinucleotide phosphate (NADPH), L-arabinose, ampicillin,

Figure 4. TEM images of the gold nanoparticles. Gold nanoparticles
produced by reduction of Au(III) using MerA variant G415I with (A)
Au(III) ion-containing solution and (B) e-waste leachate. Scale bars
represent 100 nm.
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and kanamycin were purchased from Merck (Darmstadt, Germany).
Isopropyl β-D-1-thiogalactopyranoside (IPTG) was purchased from
Invitrogen (Waltham, Massachusetts, USA). MerA protein sequences
from P. aeruginosa (PDB 1ZK7), B. cereus (Uniprot P16171), and A.
ferrooxidans (Uniprot P17239) were synthesized, codon optimized for
E. coli expression (Integrated DNA Technologies, USA) (Table S1).

Cloning of MerA and Its Variants
The MerA sequence from P. aeruginosa (PDB 1ZK7), B. cereus
(Uniprot P16171), and A. ferrooxidans (Uniprot P17239) was cloned
into a pET-20b vector with the addition of an N-terminal 6× His-Tag
sequence and a stop codon. Plasmid containing the MerA gene was
transformed into E. coli BL21(DE3) for protein expression.

Protein Expression and Purification
The E. coli cells carrying the respective plasmid were grown in LB at
37 °C, supplemented with 100 μg/mL ampicillin. When the optical
density (OD) at 600 nm reached 0.4, the cells were induced with 0.1
mM IPTG and incubated at 16 °C for 18 h for protein expression.
The cells were harvested by centrifugation, and the cell pellet was
resuspended in binding buffer (20 mM Tris−HCl (pH 8.0), 500 mM
NaCl, 5 mM imidazole). Lysis was performed via sonication. The
lysate was subjected to centrifugation at 15,000 rpm for 30 min. The
supernatant was collected and loaded onto a chelating Sepharose resin
(GE Healthcare Bio-Sciences Corp) charged with Ni2+ ions. The
column was washed with five column volumes (CV) of binding buffer,
followed by five CV of wash buffer (20 mM Tris, pH 8.0, 500 mM
NaCl, and 107 mM imidazole). Lastly, the protein was eluted with
five CV of elute buffer (20 mM Tris−HCl (pH 8.0), 500 mM NaCl,
and 100 mM L-histidine). Fractions containing the recombinant
proteins were pooled and dialyzed with 20 mM EDTA to remove Ni2+
ions, followed by storage buffer (20 mM KH2PO4 (pH 7.6), 100 mM
NaCl).

SDS-PAGE Gel Analysis
The E. coli cells carrying the WT MerA and the 16 variants’ plasmids
were grown in LB at 37 °C, supplemented with 100 μg/mL ampicillin.
The cells were induced with 0.1 mM IPTG when the OD at 600 nm
reached 0.8. They were incubated at 16 °C for 18 h for protein
expression. The cells were harvested by centrifugation, and the cell
pellet was resuspended in binding buffer. Lysis was performed via
sonication. The lysate was subjected to centrifugation at 10,000 rpm
for 15 min. The supernatant was collected, and an equal volume of 2×
SDS loading dye (2× Laemmli sample buffer, 5% v/v β-
mercaptoethanol) was added before heating at 95 °C for 5 min.
The samples were loaded and ran on 10% SDS-PAGE gel (180 V, 50
min) and stained with Coomassie blue before visualizing on the
ChemiDoc MP Imaging System (Biorad, USA).

Size-Exclusion Chromatography−Multiangle Light
Scattering (SEC-MALS) Analysis
Superdex 200 Increase 10/300 GL column on an AKTA pure system
(Cytiva, USA) was used for SEC analysis. This system is coupled to
the DAWN8 and Optilab system for MALS analysis (Wyatt
Technology, USA). Equilibration of the column at a constant flow
rate of 0.5 mL/min using running buffer (500 mM NaCl, 20 mM
Tris−HCl pH 7.9) was first performed. Purified WT MerA was
loaded onto the column via a 100 μL sample loop. The same
experimental procedure was applied to purified variant G415I
proteins. Data was recorded by ASTRA software (Cytiva, USA) and
processed.

Molecular Dynamics Simulations of MerA Dimers
MerA dimers were generated by first applying the crystallographic
symmetry of the PDB structure of MerA (PDB 4K7Z) to form a
dimer, followed by mutating the corresponding residues of the dimer
in Pymol30 to create variant structures each carrying one beneficial
point mutation. YASARA31 was employed to perform three
independent, 1 ns molecular dynamics simulations for each of the
MerA dimers and to analyze the simulation results.

Promiscuity of MerA and Kinetic Studies of MerA and Its
Variants

Reactions were set up containing 100 mM KH2PO4 (pH 7.6), 0.02
mM MerA or other variants, 0.4 mM NADPH and varying
concentrations of metal ions such as Hg(II), Au(III), or Ag(I)
(0.01−1 mM) (Figure S1), with a final reaction volume of 50 μL.
Kinetic parameters of the enzymes were determined by monitoring
the oxidation of NADPH (ε = 6220 M−1 cm−1) at 340 nm at 25 °C.
The rate of NADPH oxidation is directly proportional to the rate of
metal ion reduction. The initial velocity was measured, and the kinetic
parameters were estimated using a nonlinear regression fit (GraphPad
Prism software) to Michaelis−Menten conditions. This assay is
adopted from previous studies with some modifications.15

TEM Analysis of Gold Nanoparticles (AuNP)

0.1 g portion of e-waste (Cimelia Resources Recovery Pte Ltd.,
Singapore) was dissolved in 10 mL of solution (52.5% nitric acid, 1.5
M hydrochloric acid) in a 50 mL glass bottle for 5 min. 2.5 times v/v
of water was added and filtered through a syringe filter with a 0.22 μm
membrane. The filtered solution, 5 mL, was incubated with E. coli
cells expressing MerA variant G415I for 48 h. Solution containing 2.5
μM Au(III) ions was also filtered and incubated with E. coli cells
expressing MerA variant G415I. The mixture was centrifuged, and the
pellet was incubated with 2 mL of 5 M hydrochloric acid on a shaker
for 5 min. The solution was centrifuged, and the pellet was incubated
with 4 mL of water for 5 min. The mixture was centrifuged, and the
supernatant was taken for TEM analysis. The average particle size and
morphology of the gold nanoparticles formed were observed by TEM
using a JEOL microscope (JEM-1010) with an accelerating voltage of
100 kV. The samples, each 50 μL, were placed on a 400-mesh carbon-
coated copper grid at room temperature and dried for an hour.

Deep Scanning Mutagenesis

With the progenitor template MerA from P. aeruginosa (wild-type
MerA, and henceforth referred to as WT MerA), a mutant library was
created using a deep scanning mutagenesis method with Agilent’s
QuikChange HT Protein Engineering System kit (Agilent, USA). It
has an eArray design system called Quikscan-19 which was used to
design 10 custom oligonucleotide libraries, with each library targeting
a different 150 nucleotide region in the WT MerA gene. This method
systematically replaces every amino acid residue at each position of
the protein sequence with the other 19 amino acid residues, resulting
in 19 mutagenic oligos for each amino acid position (Figure S2). A
mutant library consisting of 8873 mutants was generated from WT
MerA, which consisted of 467 residues and were screened for active
variants.

Directed Evolution of MerA Variants with Increased Au(III)
Reduction Activity

The mutant library was transformed into SPG E. coli competent cells.
The cells were recovered in LB media containing 50 μM Au(III) for 1
h at 37 °C before plating onto agar plates supplemented with 0.02% L-
arabinose, 100 μM Au(III) in Tris minimal media, and 100 μg/mL
ampicillin. The transformants from each library were then replicated
onto new plates that contained higher concentrations of Au(III) ions
until less than 10 mutants per library survived. Concentrations of
Au(III) ions used in agar plates were 150, 200, and 250 μM. The
transformants that survived the higher concentrations of Au(III) ions
were individually inoculated into LB media containing 0.02% L-
arabinose and 250 μM Au(III) ions. The mutants that survived would
be selected as the top potential variants as they are capable of
potentially reducing Au(III) ions and counter high Au(III) ion
toxicity (Figure S3). This selection assumes that improved survival is
based solely on the improved gold reduction capabilities of MerA
variants, thereby reducing the toxicity pressure on the cell and
allowing for better survival.
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