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Abstract: The weathering of selenium-rich rocks or anthropogenic activities such as mining or
smelting can release selenium into the environment, posing a significant environmental risk. The
increased monitoring and enforcement of selenium regulations have resulted in protocols to efficiently
measure and treat selenium in water and effluent water. The principal aqueous forms of inorganic
selenium are selenite (Se(IV)) and selenate (Se(VI)). Selenate, due to its oxy-anionic nature, high
mobility, and lack of affinity to conventional adsorbents, is typically more difficult to treat and
remove. Thus, it is proposed to remove selenate from water by first reducing it to selenite and
then to insoluble elemental selenium, a form that has low toxicity. A naturally occurring selenate
reductase enzyme from Thauera selenatis was previously shown to specifically reduce selenate to
selenite. To exploit this functionality, recombinant enzyme technologies were used to produce a
cell-free, enriched Thauera selenatis selenate reductase heterotrimeric enzyme complex (TsSer-x[3y).
The addition of the recombinant enzyme complex to effluent water was found to successfully reduce
the selenate. Interestingly, upon adding nitrogen-doped graphite electrodes to the reaction, the
selenate-reducing activity significantly increased. Overall, these findings highlight a new, potentially
sustainable solution to the reduction of selenate in water and effluent water.

Keywords: N2-doped graphite electrodes; effluent water; selenium; selenate reductase enzymes

1. Introduction

Selenium, a ubiquitous element in mine water with high mobility and aqua toxicity, is
a metalloid of significant concern that needs to be monitored and controlled. Industrial
sources of selenium contamination in water sources include mine effluents, fossil fuel
(coal and oil production), and precious metal refining. The development of low-cost,
reliable technologies to remove selenium from effluent water is a priority for industry
sectors, as the environmental standards and criteria applicable for their discharge must
comply with new stringent discharge regulations. However, studies and the ensuing
industrial implementation of microbial remediation in selenium reduction in small and
large bioreactors have demonstrated the significant removal of selenium from effluent water
by microbial remediation, where Se oxyanions (selenite (SeO327) and selenate (SeO,4%7))
are reduced to elemental selenium [1,2]. However, such a biological reduction yielded
biogenic elemental Se nanoparticles (BioSeNPs) [1,3], requiring further treatment before
discharging the effluent into the environment.

However, there have been some very significant technological developments over the
last two decades in the area of industrial recombinant enzyme engineering and production,
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including the optimization of purified enzyme yields, increased stability, and recoverability
(immobilization) designs for applications in challenging environments [4-6]. Concurrently,
there have been a number of reports highlighting the characteristics of naturally occurring
enzymes with the potential to reduce selenate and selenite directly [7-13]. Additional
reports have also demonstrated the reduction of selenite by reduced glutathione (a bio-
based reducing agent) and the sequestration of the resulting elemental selenium into
protein-based nanospheres [3]. Most notable is the discovery of a naturally occurring
selenate reductase enzyme shown to specifically use selenate (with no affinity for competing
nitrate molecules) as a terminal electron acceptor, reducing it to selenite [14,15]. In particular,
the selenate reductase complex from Thauera selenatis (IsSer-opy) was purified from its
native source and shown to be comprised of a heterotrimeric complex of «, 3, and y
subunits roughly 96 kDa, 40 kDa, and 23 kDa in size, respectively, together eliciting selenate
reduction [15]. The TsSer-o3y complex uses a protein (cytochrome c4) as an electron
donor for selenate reduction in vivo [11,16]. Interestingly, as highlighted previously for
microbial selenite reduction and enzymatic nitrate reduction [17,18], the use of electrodes
as electron donors for enzymatic-based selenate reduction reactions presents an intriguing
line of inquiry.

The research described herein uses the knowledge gained regarding TsSer-«3y com-
bined with recent advances in recombinant enzyme techniques to produce purified, re-
combinant forms of each of the individual &, 3, and y subunits comprising the T5Ser-«f3y
enzyme complex. The reconstitution of the individual subunits into the heterotrimeric
complex, achieved simply by mixing the purified subunits together, was validated by size
exclusion chromatography. The obtained TsSer-« 3y complex was subsequently applied to
selenate-containing samples of effluent water, confirming its ability to reduce selenate. Fi-
nally, the potential to use nitrogen-doped graphite electrodes as a source of electrons for the
TsSer-a3y reaction was confirmed, altogether setting the stage for the future development
of a sustainable biocatalyst-based selenium remediation process.

2. Materials and methods
2.1. Chemicals and Materials

All chemicals were purchased from Millipore Sigma, unless otherwise indicated.

2.2. Recombinant Expression and Affinity Enrichment of TsSer-w, B, and v Subunits

Optimized genes encoding each of the TsSer-afy subunits (based on amino acid
sequences obtained from the NCBI protein database accession numbers CAB53372.1,
CAB53373.1, and CAB53375.1 for the &, 3, and y subunits, respectively) were synthe-
sized and cloned individually into the pEX-N-GST expression vector at the Sgfl and
Mutlrestriction sites by Blue Heron Biotech (Bothwell, WA, USA). This yielded genes
that encoded each subunit fused to an N-terminal Glutathione-S-Transferase (GST) tag.
Each of the 3 obtained vectors was transformed individually into E. coli BL21 (DE3) cells.
For protein production, LB media with 100 pg/mL ampicillin was inoculated and grown
overnight at 37 °C and 180-200 rpm. The obtained overnight culture was used to inoculate
(1:100 dilution) 500 mL of the same media and grown as described above to ODggg = 0.6-0.7,
at which point the temperature was reduced to 18 °C. Then the cultures were induced with
0.3 mM isopropyl -D-1-thiogalactopyranoside and incubated overnight for 18 h. The cell
cultures were harvested by centrifugation at 3270 x g for 20 min at 4 °C, and the cell pellets
were stored at —20 °C.

For protein purification, the cell pellets were thawed on ice and re-suspended in 20 mL
of lysis buffer (PBS-L; 1X phosphate-buffered saline (PBS), pH 7.2, 1 mM dithiothreitol
(DTT; Gold Bio, St. Louis, MO, USA), 1 mM ethylenediaminetetraacetic acid (EDTA), 1%
Triton X—100) with lysis enzymes and protease inhibitors (0.1 mM phenylmethylsulfohyl
fluoride (Gold Bio), 3 U/mL benzonase, 1 mg/mL lysozyme (Gold Bio) and incubated
end-over-end at 4 °C for 30 min. The suspension was filtered through cheesecloth and lysed
using an Emulsiflex C5 homogenizer (Avestin Inc., Ottawa, ON, Canada). The obtained
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lysates were centrifuged at 15,000x g for 30 min at 4 °C, and the resulting supernatants
were batch loaded onto Glutathione HiCap Matrix columns (QIAGEN, Valencia, CA, USA),
pre-equilibrated in 10 column volumes (CV) of equilibration buffer (1X phosphate-buffered
saline (PBS), pH 7.2, 1 mM DTT, and 1 mM EDTA), and incubated for 30 min at 4 °C. The
loaded columns were washed twice with 5 CV of equilibration buffer each time. The GST-
tagged recombinant subunits were eluted using 4 x 1.5 mL elution buffer (50 mM Tris-HCl,
pH 8.0, 0.4 M NacCl, 0.1% Triton X-100, 1 mM DTT, and 50 mM reduced L-glutathione).
Eluted fractions were collected at 4 °C, pooled, and concentrated to 500 uL using Corning®
Spin—X® UF Concentrators (6 mL, 30 kDa MWCO) at 4 °C, followed by buffer exchange to
50 mM NaHPOy4, pH 7.2, 300 mM NaCl buffer. The purified recombinant proteins were
quantified using the Bradford protein assay [19].

2.3. Validation of TsSer-a By Heterotrimeric Complex Formation

Recombinantly produced T5Ser-«, -3, and -y subunits were pooled in a 1:1:1 protein
ratio with a final concentration of approximately 1 mg/mL total protein, and applied to
a 120 mL HiLoad™ 16/60 Superdex200 prep grade column (GE Healthcare Life Sciences,
Chicago, IL, USA) pre-equilibrated with gel filtration buffer (50 mM NaH,PO,4 pH 7.2,
300 mM NaCl) using an AKTA Fast Performance Liquid Chromatography (FPLC) system
(Amersham Biosciences; Poway, CA, USA) with UNICORN™ 4.0 software (Cytiva, Marl-
borough, MA, USA) at a flow rate of 1 mL/min using ice-cold buffer. The fractions were
collected in 1.5 mL volumes on ice. The elution times were compared to the gel filtration
protein standards (#151-1901, Bio-Rad, Mississauga, ON, Canada) that were run separately
to estimate molecular weights.

The samples eluted from the size exclusion column were analyzed by 12% Tris-HCl
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with Precision
Plus Protein Unstained Standards (Bio-Rad, Mississauga, ON, Canada) and/or Colour
Protein Standard (10-250 kDa, New England Biolabs, Whitby, ON, Canada). The gels were
stained using Coomassie Brilliant Blue or analyzed by Western blot analysis. For Western
blot analysis, the gels were transferred to polyvinylidene difluoride (PVDEF; Bio-Rad)
membranes (pre-soaked in 100% methanol) using 1X transfer buffer (25 mM Tris, 190 mM
glycine, 0.05% SDS, 20% methanol) for 90 min at 100 V on ice. The PVDF membranes were
rinsed with distilled water and blocked in 5% skim milk in 1 X Tris-buffered saline with
Tween-20 (TBST; 20 mM Tris-HCl, 150 mM NaCl, 0.12% Tween-20, pH 7.6) overnight at
4 °C with shaking. The blocked membranes were incubated for 1 h with shaking with
Anti-GST mouse mAb (Origene, TA150101, Burlington, ON, Canada) at a 1:4000 dilution,
washed with 1X TBST, and then incubated for 1 h with both 1:1000 diluted peroxidase-
conjugated Goat anti-mouse IgG (TA130003, Origene) and 1:7500 diluted Precision Protein
Strep Tactin-HRP conjugate (Bio-Rad #1610380, Mississauga, ON, Canada), the latter to
visualize the protein standards. The blot was developed using Supersignal West Dura
Extended Duration Substrate (Fisher Thermo Scientific. Waltham, MA, USA). Images were
obtained using the ChemiDoc™ MP Imaging System (Bio-Rad) and ImageLab 5.2.1.

2.4. Selenate Reduction by the TsSer-a By Heterotrimeric Complex

Samples of the recombinant, enriched TsSer-«f3y reductase complex were produced
by mixing the individual subunit samples together at 1:1:1 and 4:1:4 subunit ratios and at a
final concentration of approximately 1 mg/mL protein in each sample. The ability of these
reconstituted TsSer-af3y reductase complex mixtures to reduce selenate was evaluated by
adding 10 pL of the enzyme sample to 200 mL of selenate-containing mining effluent water.
Parallel experiments with control samples of Milli-Q water containing 10 ppm selenate
were also conducted. The reactions were incubated at room temperature with shaking
at 200 rpm for 1 h and subsequently analyzed for total selenium by inductively coupled
plasma mass spectrometry (ICP-MS). The experiment was repeated 3 times. The initial
and final concentrations of selenium after treatment were measured by ICP-MS in order to
establish the efficiency of the enzymatic treatment process.
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Subsequently, the effect of the presence of nitrogen-doped graphite electrodes, set
up as presented in Figure 1, was assessed. The experiments were carried out in 200 mL
Milli-Q water with 10 ppm selenate and adding 10 pL of the 1:1:1 TsSer-af3y complex.
The solutions were continuously stirred, and the samples were collected every 15 min for
analysis of the selenium concentration as described above. The experiments were carried
out at a power input of 15V, 0.04 A. Nitrogen-doped graphite electrodes were applied
due to their inherent benefits, including high resistance to corrosion in mine water (acidic).
However, the electrodes are subject to oxidation and loss of carbon during operations at
higher voltages (>1.26 V). The electrodes were prepared by treating graphite electrodes
with a 25% ammonia solution at 180 °C for 4 h in an oven to increase the number of polar
nitrogenous groups on the graphite surface to improve the electrochemical activity of the
electrodes and reduce the potential for nitrate accumulation on the anode. The electrodes
were washed with deionized water until a neutral pH was reached in the rinse water. The
electrodes were dried at 110 °C in an oven for 24 h.

Anode —» <— Cathode

Selenium effluent

Power Source
water

—
K A Magnetic bar-stirrer
L e

Figure 1. Experimental set-up for selenium reduction from effluent water in the presence of carbon

electrodes and the TsSer-a 3y enzyme complex.

3. Results and Discussion
3.1. Expression and Purification of the Individual TsSer-a, -B, and -y Subunits

Initially, the ability to recombinantly produce and purify the three target TsSer-«, -3,
and -y subunits was assessed. Following the transformation of the expression constructs
encoding the GST-fused subunit proteins into E. coli BL21 (DE3) cells, protein production
was induced, the obtained cell pellets were lysed, and the target proteins were individu-
ally purified by GST-affinity chromatography. The eluted protein samples were visually
assessed by Coomassie-stained SDS-PAGE (Figure 2). The background bands in all the sam-
ples emphasized that the GST-fusion proteins were not purified to complete homogeneity
by this one-step enrichment. Nonetheless, the sample containing the GST-15Ser-3 fusion
protein yielded a significantly overloaded band at ~60 kDa, consistent with its expected
Mw of 66 kDa. While not as pronounced, the GST-TsSer-y fusion protein sample yielded
a prominent band, not detected in any of the other samples, at ~50 kDa, consistent with
its expected Mw of 49 kDa. In this case, a significant band was also detected at ~26 kDa,
as well as another band of equivalent intensity at ~23 kDa, consistent with the possibility
that the bulk of the GST-TsSer-y fusion protein was proteolytically released into its pri-
mary components of GST (expected Mw 26 kDa) and T5Ser-y (expected Mw 23 kDa) after
elution from the column. Finally, the sample containing the GST-TsSer-« fusion protein
yielded a visible band at ~130 kDa, which was not present in any of the other sample sand
approximately consistent with its expected Mw of 122 kDa.
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17

Figure 2. Enrichment of recombinantly produced individual GST-tagged TsSer-«, -3, and -y subunits.
Cells expressing the individual subunits were lysed and the obtained soluble fractions applied to
GST-affinity chromatography. The eluted enriched protein fractions were visualized by SDS-PAGE
analysis, with Coomassie Brilliant Blue staining. Black arrows indicate the expected positions of
bands for each GST-tagged TsSer-«, -f3, or -y subunit.

3.2. Validation Heterotrimeric TsSer-aBy Complex Formation

The individual subunits were not expected to have any enzymatic activity on their own.
In order to reconstitute the active heterotrimeric TsSer-«3y complex, the three purified
subunit samples were mixed together at a 1:1:1 ratio of total protein detected in each
sample, and at a final concentration of 1 mg/mL total protein. Following a brief incubation,
the mixture was applied to a size exclusion column in an attempt to detect the formation
of the heterotrimeric complex. Examination of the elution profile highlights three major
peaks at 41, 44 (shoulder), and 78-80 min, respectively (Figure 3A). The calibration of
the column suggests that the heterotrimeric TsSer-oc3y complex (expected Mw ~250 kDa
with GST-tags) should elute at ~50 min. The individual (non-complexed) subunits are
expected to elute later, at 70 min (x; 120 kDa) and 85 min (3 and y; 66 kDa and 49 kDa),
respectively. The collected peak fractions were pooled, concentrated, and analyzed by
Coomassie stain SDS-PAGE (Figure 3B). While very little protein was detected in the 41 min
fraction, the 44 min fraction yielded an array of bands, including those at the expected
molecular weights for all three of the GST-subunit fusion proteins as well as TsSer-« and
T5Ser-y, both in their unfused forms. The identities of the GST-subunit fusion proteins were
subsequently confirmed by Western blot analysis using anti-GST antibody (Figure 3C),
clearly revealing the presence of all 3 expected GST-fusion subunits in the 44 min fraction.
The fact that the 23 kDa band was detected by the anti-GST Ab in both the 44 and 78 min
fractions suggests it may be a truncated form of GST, if not a mixture of truncated GST with
free TsSer-y. Nonetheless, the 44 min elution fraction was within 6 min of the expected
elution time (50 min) for the heterotrimeric complex, and more than 25 min ahead of
the expected elution of even the biggest monomeric subunit, emphasizing the successful
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trimeric complex formation. Whether the 6 min shift represents variability in the calibration
or a genuinely larger oligomeric state (44 min could potentially be consistent with a 500 kDa
dimer of the trimer) remains for future evaluation.
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Figure 3. Validation of TsSer-af3y heterotrimer formation. (A) Size exclusion chromatography
profile. The affinity-enriched GST-tagged subunits were mixed together to allow for heterotrimeric
complex formation, and then analyzed by size exclusion chromatography using a HiLoad™ 16/60
Superdex200pg. Peaks are labelled with elution times. Eluted fractions representing the main peaks
(as indicated by the times) were analyzed by (B) SDS-PAGE stained with Coomassie Brilliant Blue
or (C) Western blot probed with Anti-GST antibody. The ‘Loaded’ lane is the mixture of all three
subunits prior to size exclusion separation. Black arrows indicate the expected positions of bands for
each GST-tagged TsSer-«, -3, or -y subunit.

3.3. Enzymatic Reduction of Selenium by Recombinantly Produced TsSer-a 3y Enzyme Complex
from Effluent Water

Enzymatic selenium reduction studies using the recombinantly-produced T5Ser-ay
complex described above were carried out in Milli-Q water in the presence and absence
of selenium as well as in real mining effluent water samples. The TsSer-a3y complex was
prepared by mixing aliquots of the individual purified subunit samples at both 1:1:1 and
4:1:4 ratios (by volume) for the «, 3, and y subunits, respectively; the latter ratio was to
account for differences in the yields of the individual subunits. Following the addition
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of the T5Ser-o3y complex mixtures to selenate-containing (10 ppm) Milli-Q water, the
selenium levels were reduced by 26% (£2) and 21% (£1.5) for the 1:1:1 and 4:1:4 ratios,
respectively, compared to the untreated controls. In the mining effluent water, the selenium
levels were also reduced, albeit less efficiently, by 19% (£1.2) and 14% (%1.8) for the
T5Ser-a3y complexes at the 1:1:1 and 4:1:4 ratios, respectively, compared to the untreated
controls. The selenate reductase enzyme complex included iron, molybdenum, and acid-
labile sulfur co-factors that contributed to the electronic mechanism underlying its ability
to reduce selenate.

Subsequently, the effect of providing a source of electrons on the enzymatic activity
of the TsSer-o 3y complex was evaluated. Experiments were carried out with the addition
of nitrogen-doped graphite electrodes in the presence or absence (negative control) of the
T5Ser-a3y complex formed at a 1:1:1 ratio of the subunits. The experiment was conducted
in Milli-Q water with a spiked selenate concentration of 10 ppm (Figure 1). The levels of
selenium were found to be significantly reduced (61%) in the presence of electrodes with
the TsSer-a3y complex as compared to the control sample (24%) (Figure 4). Furthermore,
these results demonstrate that in the presence of electrodes, the activity of the enzymes was
increased, yielding higher selenium removal from the medium.

—eo—FElectrode

TsSer-apy complex (1:1:1) and electrodes [

[

40 60 80 100 120 140 160
Time (min)

Figure 4. Selenium reduction from effluent water with carbon electrodes in the presence and absence
of the TsSer-a 3y complex.

4. Conclusions

A recombinantly produced functional TsSer-af3y complex was shown to be formed
with demonstrated activity against the water samples containing selenate. This was
achieved by taking advantage of the very significant technological developments over
the last two decades in the area of industrial recombinant enzyme production for enhanced
yield, enrichment, and complex recombination. Furthermore, the demonstrated benefits of
providing a source of electrons to the biocatalyst through the inclusion of nitrogen-doped
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graphite electrodes in the reaction further emphasize the potential of this technology to
lead to a sustainable solution for the reduction of selenate from mining effluent water and
other industrial sources. Future efforts will focus on the optimization of the biocatalyst
stability and efficiency, as well as testing the benefits of immobilization and recoverability.
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