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Molybdenum and rhenium are critically important Overexpression of ModA/WtpA protein in
metals for a number of emerging technologies. We identified and Acidithiobacillus ferrooxidans

characterized a molybdenum/tungsten transport protein (ModA/ Wild type protein Mutant protein with disulfide bond
WtpA) of Acidithiobacillus ferrooxidans and demonstrated the | A - ’ e/
binding of tungstate, molybdate, and chromate. We used computa- A
tional design to expand the binding capabilities of the protein to
include perrhenate. A disulfide bond was engineered into the b\
binding pocket of ModA/WtpA to introduce a more favorable ~— § 9,
geometric coordination and surface charge distribution for oxyanion o «U) ‘
binding. The mutant protein experimentally demonstrated a 2-fold
higher binding affinity for molybdate and 6-fold higher affinity for * Enhanced Mo & Re binding affinities by mutant protein

. . » Improved Mo, W, Cr binding capacities by both engineered cells at low pH
perrhenate. The OUEICXPICSSION of the Wlld—type and mutant MOdA/ Improved Re binding capacity by the engineered cell with mutant protein
WtpA proteins in A. ferrooxidans cells enhanced the innate
tungstate, molybdate, and chromate binding capacities of the cells to up to 2-fold higher. In addition, the engineered cells
expressing the mutant protein exhibited enhanced perrhenate binding, showing S-fold and 2-fold higher binding capacities compared
to the wild-type and ModA/WtpA-overexpressing cells, respectively. Furthermore, the engineered cell lines enhanced biocorrosion
of stainless steel as well as the recovered valuable metals from an acidic wastewater generated from molybdenite processing. The
improved binding efficiency for the oxyanion metals, along with the high selectivity over nontargeted metals under mixed metal
environments, highlights the potential value of the engineered strains for practical microbial metal reclamation under low pH
conditions.
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allow them to be transported via the same molybdenum/

Trace elements can play important roles in cellular tungsten transporters. Indeed, there is very little difference in

biochemistry';l'2 however, they can also be potent inhibitors the crystal structures of ModA and WtpA in coordination with
to cells at high concentrations. Many cells have adopted unique molybdate or tungstate.6 The molybdenum/tungsten trans-
cellular transport systems, such as the adenosine triphosphate
(ATP) binding cassette (ABC) transporter, to maintain the
homeostasis of trace elements within the cells. Once
transported through the cytoplasmic membrane, metals are

porters selectively bind with molybdate and tungstate over
other tetrahedral oxyanions such as sulfate and phosphate,”’
while ModA and TupA can also bind chromate ((:1'042_)8’9 or

N T .
used to synthesize cofactors, form metalloenzymes, and perrhenate (ReO,”),"" with lower affinities. Although no
regulate metal-dependent transcription or translation and can known biological function has been reported for rhenium, it is

3 .
be stored for future use.” Oxyanion metals, such as molybdate an exceptionally rare element on Earth'' and has unique and

(MoO,*") and tungstate (WO,>"), are essential micronutrients
for most bacteria. These oxyanions can be transported
intracellularly via tungsten and/or molybdenum transporter ]
proteins (WtpABC, ModABC, or TupABC). April 2, 2024
The flexibility of metal binding sites in proteins enables May 2, 2024
proteins to accommodate different metals having similar May 3, 2024
characteristics.* The metal-centered oxygens, molybdate and July 13, 2024
tungstate, have close structural and functional properties,
including their ionic radii and free energy of solvation,” which

valuable applications in various industries, enabling extraordi-
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Figure 1. (A) Predicted three-dimensional structures of A. ferrooxidans wild-type and mutant proteins (AFE_1498) in coordination with tungstate
and perrhenate, respectively. The new disulfide bond between G9C and A166C in the mutant protein is depicted in yellow. The designed disulfide
is a +RH spiral with a dihedral angle of 91.5°. The structures were visualized using Pymol. (B) Predicted Poisson—Boltzmann electrostatic
potentials for both proteins after oxyanion binding where the regions of positive (>+5 kT/e) and negative (<—5 kT/e) potentials are depicted by
blue and red, respectively. Inset areas in panel A are shown by a black outline in panel B.

nary heat and acid resistance in alloys.'> Therefore, there is
growing interest in new routes for the recovery of this element.

A recent study reported the enhanced binding affinity of the
E. coli ModA protein for perrhenate by introducing a new
disulfide bond near the binding pocket. Disulfide bonds,
which are covalent linkages between two cysteine residues
formed by oxidation of thiol groups, play an important role in
maintaining the three-dimensional structure and stability of
proteins. While disulfide bonds are known to contribute to the
overall stability and folding of a protein,"” they can also affect
the local chemical environment, influencing the charge of the
protein surface."*™'® Although bacteria generally lack a
mechanism for the formation of disulfide bonds in the
cytoplasmic compartment, the expression of proteins with
disulfide bonds in periplasmic space can occur due to a more
oxidizing environment.'”'® Previous studies have reported that
the presence of a disulfide bond can increase ligand affinity by
reducing conformational flexibility of the protein.'”*" In
accordance with this, the authors reported the enhanced
perrhenate binding affinity of the mutant E. coli ModA
occurred by preventing the rapid displacement of perrhenate
by molybdate.”

The acidophilic extremophiles involved in industrial metal
bioleaching thrive in harsh conditions including high
concentrations of toxic metals.”" Acidithiobacillus ferrooxidans
is able to oxidize iron or sulfur and has been explored as a
platform for biotechnology applications.”” We have engineered
these cells for critical metal reclamation applications by
overexpressing recombinant proteins that enable divalent
metal cation, copper,”* and rare earth element™ recovery.
A recent study described the purification of a periplasmic
protein from A. ferrooxidans that exhibited specific tungstate
binding under acidic conditions.”® Given the low pH (2.5—
3.0) in the periplasm of these cells, this protein holds promise
for the recovery of oxyanion metals at low pH, providing an
appealing route for the reclamation of valuable metals.””
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Previous studies also reported the presence of multiple putative
genes belonging to the ModA family in A. ferrooxidans.”’ =’
However, the characterization of the oxyanion metal trans-
porter proteins in A. ferrooxidans remains limited. We
identified a gene sequence (AFE 1498) in A. ferrooxidans
that shares approximately 30% identity with ModA/WtpA of
Pyrococcus horikoshii (3CG3_A) and P. furiosus (3CG1_A),
suggesting the potential involvement of this putative gene in
metal-centered oxygen transfer. Understanding the molecular
mechanisms underlying oxyanion metal transport in A.
ferrooxidans is important, as we aim to explore adaptations
and metal tolerance strategies that are used in extreme
environments. Furthermore, characterization of a ModA/
WtpA protein in A. ferrooxidans can provide insights into its
potential for use in biotechnological applications, such as metal
recovery and bioremediation.

Here, we characterized the oxyanion metal binding
capability of the putative ModA/WtpA protein (AFE_1498)
of A. ferrooxidans at low pH. This putative protein was found
to bind molybdate, tungstate, and chromate, while an
engineered A. ferrooxidans strain with overexpression of the
protein improved the binding capacity for all tested oxyanions.
Drawing inspiration from the previous mutations made in the
E. coli ModA," we further engineered this protein to expand its
ability to bind perrhenate. The engineered cells with mutant
protein demonstrated enhanced perrhenate binding, in
addition to molybdate, tungstate, and chromate, at low pH.
Finally, the engineered cells demonstrated enhanced metal
recovery from industrial sources (stainless steel and a process
concentrate), which showcases the applicability of the strains
for practical metal reclamation.

The three-dimensional structural models of the wild-type
(AFE_1498) and the mutant proteins from A. ferrooxidans
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Table 1. Validation of Metal Binding Sites in Crystal Structures of the Wild-Type (AFE_1498) and Mutant (G9C/A166C)
Protein for Molybdate (Mo), Tungstate (W), Chromate (Cr), and Perrhenate (Re), Analyzed by the CheckMyMetal (CMM)

Server”
wild-type protein mutant protein
Mo w Cr Re Mo w Cr Re
geometry TB OH OH TB TB OH OH TB
nVECSUM 0.01 0.3 0.34 0.1 0.06 0.18 0.22 0.06
pocket volume (A%) 148 148 184 148 95 107 105 97
Rosetta ddG =5.5 -10 =S5.5 -3.8 -8.1 —11 —=5.4 =53

“Three-dimensional arrangements of ligands coordinated with metals are indicated as TB, trigonal bipyramidal; and OH, octahedral. "'VECSUM
shows the amplitude of the vector sum of bond valence vectors normalized by overall valence. Rosetta ddG was used as a protein—ligand interface

score, which estimates of the binding energy of a complex.

were computed by RoseTTAFold, a three-track neural network
that can rapidly predict the folded structures of proteins
(Figure S1). The modeled wild-type protein consists of two
similar domains (termed the N and C domains) connected by
a flexible hinge loop, where the anion binding site is at the
interface of the two domains. Similar to the experimentally
solved ModA/WtpA structure from A. fulgidus, there is a beta
hairpin loop between the two domains that is not present in
the experimentally solved structures of the E. coli and A
vinelandii ModA/WtpA proteins. In the modeled A. ferroox-
idans putative protein (AFE_1498), the oxyanion is coordi-
nated by two key acidic residues in the binding site (D153 and
E192), which confer distorted octahedral coordination of the
tungstate and molybdate oxyanions. Both of these acidic
residues are conserved in the A. fulgidus structures, but only
one acidic residue is present in the binding pockets of the E.
coli and A. vinelandii ModA/WtpA, which bind via tetrahedral
coordination.

A disulfide design program in Rosetta (disulfidize)*® was
used to explore mutations of pairs of pocket residues to
cysteines to identify the most energetically favorable disulfide
bonds proximal to the oxyanion binding site in the wild-type
protein model. The most favorable mutations were G9C and
A166C (G26C and A193C, respectively, including signal
peptides; Table S1), where G9C is in the N domain and
A166C is in the C domain. Introducing this disulfide bond
between the two lobes should stabilize the interface and reduce
the flexibility of the hinge loop. Additionally, this disulfide
bond would sterically shift one of the previously identified key
acidic coordinating residues out of the anion binding pocket
(E165; E192 when signal peptides are included), so that the
mutant ModA/WtpA could bind an oxyanion with tetrahedral
coordination. Perrhenate has been previously shown to bind
with highest affinity to pockets with tetrahedral coordination.”
In addition, the designed disulfide bond should cause a coil-to-
helix transition in the metal binding site and connect the left
and right lobes of the mutant protein (lobes B and A,
respectively) to decrease the volume of the ion binding cavity”’
(Figure 1A). This structural shift should also decrease the
solvent exposure of the ion in the binding pocket and create a
tunnel of positive electrostatic potential that may help recruit
the oxyanion to the protein (Figure 1B).

The metal binding residues found in the structures of the
wild-type and mutant proteins were analyzed by CheckMy-
Metal server,”> and evaluation parameters are presented in
Table 1. The geometric arrangements of the proteins were
predicted to improve for most of the tested metals when
simulated with a mutant protein. The lower nVECSUM values
predicted for the mutant protein suggests that the metal—
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ligand interactions would be closer to ideal geometries and
symmetries.”” In addition, the volume of the binding pocket of
the mutant protein was predicted to decrease in comparison
with the wild-type protein, for all tested metals. The metal—
ligand interactions of both proteins were further evaluated by
the standard Rosetta ddG score function in the server, which
calculates the binding energy of protein—ligand complex.*
The mutant protein with a designed disulfide bond improved
the binding interface score for all tested metals while showing a
comparable score for chromate, in comparison with the wild-

type protein (Table 1).

To validate the mutant protein design, the oxyanion metal
binding abilities of the proteins were experimentally verified.
The wild-type (AFE 1498) and mutant (G9C/A166C)
proteins with C-terminal polyHis tags were expressed in E.
coli and then purified using immobilized metal affinity
chromatography followed by size exclusion chromatography
(Figure 2A). The purified proteins were reacted with solutions
containing molybdate, tungstate, chromate, or perrhenate at
pH 1.8. Both the wild-type and mutant proteins bound nearly
all of the molybdate, tungstate, and chromate in the solutions
(Figure 2B). These results confirm that the putative protein
(AFE_1498) is capable of binding oxyanion metals and will
now be termed ModA/WtpA in A. ferrooxidans. The mutant
protein also showed a high perrhenate binding efficiency (93%
bound), whereas only a small fraction of the perrhenate (1.4%)
was bound by the wild-type protein. These results confirm that
the designed mutations in ModA/WtpA introduced a new
perrhenate binding capability to the protein, without impacting
the intrinsic binding affinities of the rest of the tested metals.
Furthermore, both wild-type and mutant proteins showed
insignificant binding with iron (1.7 + 0.3% and 1.3 = 0.5%,
respectively; data not shown), showing the specificity of
ModA/WtpA for the tested oxyanions.

We next explored the impact of the mutations on the
thermal stability of the ModA/WtpA protein. The secondary
structures were characterized by using circular dichroism (CD)
spectroscopy. The mean residue ellipticity (MRE) at 208 and
222 nm was used to estimate the a-helical content in proteins,
enabling the determination of the protein thermal stabilities as
a function of temperature.’® For the wild-type protein, the loss
of a-helical content was observed starting at around 40—45 °C,
whereas the mutant protein retained its stability at higher
temperatures (>50 °C) (Figure 2C, Figure S2). The melting
temperatures for both proteins were estimated as 45 + 1 °C for
the wild-type protein and 61 + 1 °C (208 nm) and 70 + 3 °C
(222 nm) for the mutant protein, respectively (Figure S3).

https://doi.org/10.1021/jacsau.4c00296
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Figure 2. (A) SDS-PAGE image of wild-type (WT) and mutant
(Mutant) proteins with polyHis tags, which were purified using Ni-
NTA His-bind resin, followed by size exclusion chromatography. The
protein sizes were estimated as 35 kDa for both proteins with polyHis
tags. (B) Oxyanion binding efficiencies in solutions containing
molybdate (Mo), tungstate (W), chromate (Cr), or perrhenate
(Re) after 1 h binding experiment (pH 1.8) with the WT and Mutant
proteins. The asterisk indicates statistical significance (p < 0.05)
compared to the WT protein for the same type of metals. Error bars
represent one standard deviation. (C) CD spectra of the purified
proteins as a function of temperature. The changes of mean residue
ellipticity (AMRE) of helix peaks at wavelengths of 208 and 222 nm
are plotted as a function of temperature elevating from 25 to 90 °C.

The binding interactions of proteins and metals were further
characterized by measuring the changes in the intrinsic
fluorescence of tryptophan amino acids in the protein that
occur upon binding of the oxyanions.”> Reactions were
performed with a fixed amount of purified proteins and
different initial metal concentrations. Both wild-type and
mutant ModA/WtpA proteins exhibited decreased fluores-
cence emission from the tryptophan residues upon binding of
the metals. The final fraction of fluorescence quenching at
varying metal concentrations was fitted with the Langmuir
isotherm equation (Figure S4), which is a suitable model to
interpret the interactions of oxyanions and the ModA/WtpA
with a single metal binding site,’ and dissociation constants
were estimated (Table 2). The wild-type protein was estimated
to have a Ky of 320 nM for molybdate, 490 nM for tungstate,
and 500 nM for chromate, respectively. The mutations in the
protein enhanced the binding affinity for molybdate, showing a
2-fold lower Ky value (150 nM), whereas the mutant protein
maintained similar affinities for tungstate and chromate as
compared to the wild-type ModA/WtpA. Furthermore, the
mutant protein yielded a 6-fold lower K; for perrhenate (160
nM) than the wild-type protein, which confirmed the mutation
significantly enhanced the affinity for perrhenate, as was
predicted by the modeling results (Table 2 and Figure S4).
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Table 2. Estimated Dissociation Constants of Molybdate
(Mo), Tungstate (W), Chromate (Cr), and Perrhenate (Re)
As Measured Using Quenching of Intrinsic Tryptophan
Fluorescence during Binding with the Purified Wild-Type
and Mutant ModA/WtpA Proteins at pH 1.8

dissociation constant (nM)

metal wild-type protein mutant protein
Mo 320 + 30 150 + 10°
w 490 + 110 360 + 60
Cr 500 + 110 480 + 70
Re 1000 + 100 160 + 30“

“Statistical significance (p < 0.05) compared to the wild-type protein
for the same type of metals.

After the binding affinities for molybdate, tungstate, chromate,
and/or perrhenate were confirmed in vitro using the purified
proteins, plasmids encoding the wild-type and mutant ModA/
WtpA proteins were transformed into A. ferrooxidans cells
(Table S2). The engineered strains exhibited higher transcrip-
tional expression of the AFE_ 1498 gene, showing 4.4 X 10°
copies/g cDNA and 4.1 X 10° copies/g cDNA by the
recombinant (over)expression of wild-type and mutant
proteins, respectively, compared to the wild-type cell (3.5 X
10® copies/g cDNA) (data not shown). Once the expression of
the transgenes was verified, the oxyanion metal binding
capabilities of engineered A. ferrooxidans strains were
evaluated. The engineered strains with (over)expression of
wild-type and mutant ModA/WtpA were referred to as AFyp
and AF,p, respectively. The (over)expression of these proteins
did not impact the core metabolism of A. ferrooxidans,
including iron oxidation (Figure SS).

Pure Metal Solutions. Metal binding capabilities of the
wild-type and engineered strains with molybdate, tungstate,
chromate, and perrhenate were initially tested using pure metal
solutions (pH 1.8) with 1 mM concentration, considering the
tolerance of A. ferrooxidans for the tested oxyanions.””~*” All of
the strains were found to bind molybdate, tungstate, and
chromate, which is unsurprising given that the ModA/WtpA
protein is endogenously expressed in A. ferrooxidans (Figure
3). Both of the engineered cell lines further enhanced the
binding capacities of the cells for all tested oxyanion metals,
and the enhanced binding capacity for molybdate, tungstate,
and chromate was comparable between the two engineered
cells. Compared to the wild-type cells, both engineered strains
showed 1.4-fold higher binding capacity for molybdate (18 fg/
cell for both AFy, and AFyp), 2-fold higher capacity for
tungstate (0.23 fg/cell for AFy,p and 0.24 fg/cells for AF,p),
and 1.3-fold higher capacity for chromate (0.6 fg/cell for both
AFyp and AF,p). On the other hand, AFyp cells had a higher
perrhenate binding capacity of 1.3 fg/cell, which were 5- and 2-
fold higher than the wild-type and AFy; cells, respectively.
Consistent with the in vitro results, both engineered cells
enhanced the molybdate, tungstate, and chromate binding of
the native cells, while the cells with the mutant protein
exhibited a unique enhanced binding affinity for perrhenate.
Meanwhile, the tested strains did not show significant binding
capacity to other oxyanion metals, including phosphate and
arsenite (Figure S6).

Mixed Metal Solutions. Reactions with mixed metal
solutions containing the four oxyanion metals and iron were

https://doi.org/10.1021/jacsau.4c00296
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Figure 3. Metal binding capacities for molybdate (Mo), tungstate (W), chromate (Cr), and perrhenate (Re) of the wild-type (AF) and engineered
A. ferrooxidans with (over)expression of the wild-type (AFy;p) and mutant (AFy;p) ModA/WtpA proteins. Reactions were made with 1 mM pure
metal solutions at pH 1.8. Error bars represent the standard deviation. The asterisks indicate statistical significance (p < 0.05) compared to the wild
type (AF, *) and between the engineered strains (AFyp and AFy, **).

performed, and the binding capacities were all decreased in the
wild-type and engineered cells compared to the pure metal
solution (Figure 4). The comparable binding capacity for iron
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Figure 4. Metal binding capacities for molybdate (Mo), tungstate
(W), chromate (Cr), perthenate (Re), and iron (Fe) of the wild-type
(AF) and engineered A. ferrooxidans with (over)expression of the
wild-type (AFyp) and mutant (AF,p) ModA/WtpA proteins.
Reactions were performed with 1 mM of a mixed metal solution
containing molybdate, tungstate, perrhenate, and iron, at pH 1.8.
Error bars represent standard deviation. The asterisks indicate
statistical significance (p < 0.05) compared to the wild-type (AF, *)
and between the engineered strains (AFyp and AFyp **).

among the strains (0.04 fg/cell) indicates nonspecific binding
for iron. While all strains exhibited the greatest uptake of
molybdate, both engineered strains showed higher binding
capacities for molybdate (5.9 fg/cell for AF,p and 8.4 fg/cell
for AF,pp), tungstate (0.02 fg/cell for AFp and 0.04 fg/cell for
AFyp), and chromate (0.06 fg/cell for AFyp and 0.07 fg/cell
for AFyp), in comparison with wild-type AF (3.6 fg/cell for
molybdate, 0.05 fg/cell for tungstate, and 0.03 fg/cell for
chromate). For perrhenate, the AF;, cells resulted in 2.7-fold
higher binding capacity than the wild-type AF and AF cells.
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Overall, these results demonstrate that the overexpression of
ModA/WtpA protein in A. ferrooxidans effectively increased
the molybdate, tungstate, and chromate binding capability
from both pure and mixed metal solutions and that engineering
the cells with the mutant protein further enabled perrhenate
binding.

Molybdenum and Rhenium Recovery from Process
Concentrate. While industrial sources containing rhenium are
rare, the acidic wastewater generated from the washing and
extraction steps of porphyry molybdenite processing contains
molybdenum and rhenium as major components (see
Materials and Methods section). To evaluate the potential
value of the new strains for recovery of valuable metals from
waste materials, the engineered cells were reacted with diluted
process concentrates (pH 1.6), and the metal recovery
efficiency was compared with the wild-type AF cells. In
accordance with the binding results using synthetic metal
solutions, both engineered cells showed improved recovery
efficiency of molybdenum or rhenium from the solution.
Compared to the wild-type AF cells, AFyp and AFyp cells
recovered 2-fold more molybdenum, while the AF,; also
recovered 3-fold more rhenium than the wild-type and AFy,
cells (Table 3). The higher intracellular content of
molybdenum and/or rhenium in the AFyp, and AF,, cells
supported the enhanced binding of these metals by the
engineered strains (Figure S7). Meanwhile, both AF and AFy;p
cells showed nonspecific binding with selenium and arsenic,
which were present in the process concentrate, during the
reactions (data not shown).

Stainless steels are generally resistant to acid corrosion, and we
have recently developed methods and culture conditions for
enhancing the biocorrosion of stainless steels by A.
ferrooxidans.*”*" The introduction of pyrite and sulfur and
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Table 3. Efficiency of Molybdenum and Rhenium Recovery
from Diluted Acidic Wastewater Generated from Porphyrin
Molybdenite Processing (pH 1.6) after a Binding
Experiment Using the Wild-Type (AF) and Engineered A.
ferrooxidans with (Over)expression of the Wild-Type
(AFyp) and Mutant (AF,;p) ModA/WtpA Proteins”

AF AFyp AFy\p
molybdenum 6.0 + 0.1% 12 + 1%* 12 + 1%*
rhenium 1.7 £ 0.1% 1.9 + 0.29%%%* 5.7 & 0.19%%*#%*

“The asterisks indicate statistical significance (p < 0.05) compared to
the wild type (AF, *) and between the engineered strains (AFyp and
AFyp, **).

overexpression of the rus gene were used to enhance the
corrosion of SS316, which is a high-grade chromium—nickel
stainless steel containing molybdenum (Table S3). We have
previously found SS316 to be resistant to acid corrosion under
abiotic conditions (data not shown). Since SS316 contains
chromium and molybdenum, we hypothesized that the
engineered strains expressing ModA/WtpA may also enhance
corrosion and could serve a dual role for the reclamation of
these valuable metals included in the steel alloys. To explore
this, the biocorrosion of S§316 coupons was performed with
the new engineered cells, in the absence of pyrite. After 6 days
of biocorrosion, the wild-type and engineered cells induced
corrosion of the SS316 coupons. Both engineered cell lines
enabled enhanced corrosion, and they induced more
substantial passivation layers (sulfur content of 5%, 17%, and
24% for AF, AFyy, and AF,, respectively; data not shown)
and pits on the surface (Figure S8A and B). This is in contrast
with the wild-type AF cells, where the surfaces of coupons were
relatively intact,”” and less surface passivation was observed
(Figure S8B). These observations were consistent with the
mass decreases of the coupons by the different cells, which
achieved 1.9%, 4.8%, and 9.4% by AF, AF,, and AF,,,
respectively (Figure SA). In addition to enhancing the
corrosion rates, the cells absorbed the metals solubilized
from the coupons during the corrosion. The concentrations of
molybdenum and chromium in the leaching solutions were
significantly lower in the experiments with both engineered
cells (<0.3 mg/L for Mo and ca. 0.1 mg/L for Cr) as compared
to the wild-type cells (4 mg/L for Mo and 0.5 mg/L for Cr)
(Figure SB). The higher molybdenum and chromium binding
by the engineered cells matched the higher concentrations of
these metals associated with the cells as determined by SEM-
EDS (Figure S8C). These results demonstrate that both
engineered cells can accelerate corrosion of stainless steel while
simultaneously binding and sequestering the leached molyb-
denum and chromium.

The presence of metal-centered oxygens in molecular
structures enables the metals to exhibit various oxidation and
coordination numbers, which confers high electrostatic and
redox activities.”~* These distinctive characteristics of these
oxyanion metals endow them versatility and value, which
explains their increasing use in a wide range of material,
biochemical, energy, and environmental applications. Here, an
uncharacterized protein (AFE_1498) in A. ferrooxidans was
recombinantly expressed and purified for the first time, and the
oxyanion metal binding of the protein was characterized. This
new ModA/WtpA protein may be homologous to the protein

2962

(A)
300 - *

(pg SS/cells)
o S X
o o o

-

o

o
1

50 -

Mass decrease per cell

AF AFye AFyp

(mg/L)

54 Mo 0.6 -

0.4

02 1 .
1] . ) [ .

| 0.0

AF  AFue  AFwe AF  AFye AFupe

Figure S. (A) Mass decreases in SS316 coupons normalized by cells
and (B) the concentrations of molybdenum and chromium remaining
in the solutions after biocorrosion. The biocorrosion was performed
with the wild-type (AF) and engineered A. ferrooxidans with
(over)expression of ModA/WtpA (AFyp) and mutant ModA/WtpA
(AFyp) for 6 days. Error bars represent standard deviations. The
asterisks indicate statistical significance (p < 0.05) compared to the
wild type (AF, *) and between the engineered strains (AFy, and
AF Mpy >F*)

that has previously been reported to enable tungstate binding
in a different A. ferrooxidans strain.*®

A disulfide bond was previously introduced into the E. coli
ModA protein,4 and we hypothesized a similar approach could
be taken with the new A. ferrooxidans ModA/WtpA protein.
Computational modeling was consistent with experimental
results, where we observed more favorable binding with the
disulfide bond-containing mutant protein in coordination with
the tested oxyanion metals (molybdate, tungstate, chromate,
and perrhenate), in terms of the geometric arrangement and
surface charge distribution of the metal—protein complexes
(Table 1 and Figure 1). The volume of the binding pocket in
the mutant protein was predicted to be reduced (Table 1),
which is closer to the minimum van der Waals radius for
binding oxyanions.*® The binding scores of the mutant ModA/
WitpA protein were estimated to significantly increase when
binding to perrhenate. This prediction was confirmed when a
high degree of perrhenate binding (94%) was experimentally
observed by the purified mutant protein, while both purified
proteins showed over 95% binding efficiency for the rest of the
metals (Figure 2B). The protein simulation results suggested
that the cysteine mutations and subsequent disulfide bond
would affect the structural characteristics of the protein
(Figures 1B and 2C). The results of the CD analyses agree
with this prediction, as the disulfide bond likely restricted
flexibility in the pocket volume of the mutant protein,
increasing its thermal stability. Finally, the variations in the
geometric arrangements caused by the disulfide bond likely
influence the orientation of the charged residues around the
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binding pocket of the mutant protein, creating favorable local
envirgr%rénents for electrostatic interactions with oxyanion metal

It is noteworthy that the mutant protein could bind to all of
the tested oxyanions, which have different protonation states in
mixed metal solutions. At pH 1.8, the majority of molybdate,
tungstate, and chromate are likely protonated (pK, 3.8 for
molybdate; 6.7 for tungstate; and 6.5 for chromate),**’
whereas perrhenate (pK,, —1.25)"" is likely in deprotonated
form. This suggests that the protonation state was not a major
determinant for oxyanion metal binding in mutant ModA/
WitpA, but more likely determined by the local environment
around the binding pocket induced by conformational change,
as discussed above. This is supported by a previous study
which observed that Azotobacter vinelandii ModA discriminates
molybdate over sulfate by modulating the pocket size, rather
than charge of metals.** The authors also proposed that the
ligands in the protein can arrange local dipoles to make up for
the uncompensated charges on bound metals, suggesting that
the binding of metals with different charges is not
unreasonable.

Disulfide bonds are rare in bacteria due to the reducing
environment of the cytosol. It is significant to note that the
improved oxyanion binding and additional perrhenate binding
were observed in the engineered cells with the mutant protein,
AF\p (Figure 3). As ModA/WtpA protein is expressed in
periplasm, an oxidizing compartment, the cysteines in the
mutant protein should be able to form a disulfide linkage.

The engineered cells show potential for practical applica-
tions for metal reclamation from industrial sources. The two
engineered cells recovered targeted metals (molybdenum,
chromium, and/or rhenium) over nontargeted metals either
from the porphyry molybdenite processing concentrates or
stainless steel (SS) coupons. The binding selectivity of each
cell was determined by using the elemental ratio from the
SEM-EDS results. Compared to the wild-type AF cells, the
AF,yp and AF,;p cells showed higher target-to-nontarget ratio
in the reactions of process concentrates (target metals = Mo
and Re; 0.008 for AF and 0.014 for AFyy and AF,;p) and SS
coupons (target metals = Mo and Cr; 0.023 for AF, 0.15 for
AFyp, and 0.34 for AFy;p) (Figures S7 and S8). This indicates
the high selectivity of the engineered cells for the tested
oxyanion metals against nontargeted metals in the industrial
wastes. Interestingly, both engineered cells caused more
corrosion on the SS316 coupons than the wild-type cells
(Figures SA and S8). We previously enhanced biocorrosion of
the same SS316 coupons with the wild-type A. ferrooxidans
cells by adding pyrite and/or sulfur.*>*' If we assume a
constant rate of corrosion to compare experiments, the newly
engineered cells in this work (especially AFyp) not only
outperformed the biocorrosion we previously reported but also
did so in the absence of pyrite and/or sulfur and also effectively
sequestered the solubilized metals from the coupons. The
increased surface pitting and the formation of sulfur
passivation layers*® (Figure S8B) by the engineered cells
may be linked to their enhanced binding for molybdate and
chromate, which will be further investigated. In addition to the
enhanced metal recovery at low pH, the simultaneous leaching
and recovery of metals from solid wastes by the engineered
cells could be advantageous for the practical use of these cells.

These results highlight the potential value of engineered
microbial systems to address pressing environmental concerns
such as the depletion of critical metals and the accumulation of
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industrial wastes. The enhanced binding and selectivity for
oxyanions hold promise for industries reliant on efficient metal
reclamation processes, where the extraction of specific metals
from complex waste streams is paramount. Our findings offer a
sustainable approach to industrial metal reclamation, con-
tributing to the development of environmentally friendly
technologies for metal recovery and recycling.

The low pH binding of oxyanion metals by the putative
ModA/WtpA protein of A. ferrooxidans (AFE_1498) was
demonstrated for the first time. The wild-type protein bound
molybdate, tungstate, and chromate, while the mutant protein
increased perrhenate binding affinity via the introduction of a
disulfide bond in the binding pocket. The enhanced binding
capacities of the oxyanions were also observed by the
engineered A. ferrooxidans with (over)expression of the wild-
type and mutant proteins in synthetic metal solutions. Both
engineered cells showed higher selectivities for the tested
oxyanions over nontarget metals, under the mixed metal
environment including industrial wastes. These observations
demonstrate how protein design can be used to create novel
binding interactions that can be leveraged for applications such
as the recovery of valuable oxyanion metals in genetically
engineered extremophiles.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00296.
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